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ABSTRACT 


Investigations  have  been  carried  out:  regarding  soil 
rtovement  ,  lateral  load  and  stress  distribution  in  a  deep 
excavation  in  stiff  soil*  The  results  presented  are  based  on 
an  integrated  approach  involving  field  observation* 
laboratory  testing  and  analytical  m  ode  ling*  Special  emphasis 
have  been  given  to  the  influence  of  the  stress  path  in  the 
determination  cf  +he  stress  strain  relationship* 

A  finite  element  preeras,  using  constant  strain 
triangles*  simulates  the  construction  phases  involved  in  the 
field  was  developed.  Different  stress  strain  relationship 
can  be  accomodated  in  the  program  to  evaluate  the  most 
significant  one* 

The  results  indicated  that  the  actual  behaviour  o±  the 
retaining  structure  can  be  successfully  simulated  if 
laboratory  tests  are  performed  following  s tress  paths 
pertinent  to  the  field  cord  i  t  ions* The  laboratory  tests 
included  the  performance  of  active  and  passive  tests  in 
conventional  triaxial  and  plane  strain  apparatus* 

Use  was  mode  of  an  elastcplastic  model  to  predict 
strains  in  the  laboratory  for  active  compression  tests* 
based  on  conventional  triaxial  tests* 
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RESUME 


Des  recherches  ont  ete  ef f «ctuecs  sur  le  mouvement  des 
snip  et  la  d  Islrlhuit  lot  des  tensions  laterales  d*une 
excavation  profonde  on  scl  dur*  ies  resultats  presenter  sont 
bases  sur  une  approche  integrate,  induant  des  observations 
faites  svir  place,  des  essais  de  labore  toire  et  van  modele 
analy tique.  Une  attention  speciale  a  ete  portae  sur 
l> influence  de  la  lisne  de  tension  sur  la  determination  de 
la  relation  tension-deformation* 

Un  progrftftite  de  elements  I  inis  utiiisant  des  triangles 
de  deformation  constants  sinule  les  phases  de  construction 
du  chantier*  Differentes  relations  tension-deformation  sont 
incluses  dons  le  programme  af  in  ri'ovaluer  laquelle  est  la 
plus  significative* 

Les  resultats  indiquent  que  le  c orapo r terpen t  actuel  de 
la  structure  de  sou t e n era e n t  peut  etre  siroule  avec  succes  si 
les  tests  de  labcratoire  sont  effectues  suivant  des  lignes 
de  tension  pertinentes  a  l*etat  du  terrain*  La  performance 
de  tests  actifs  et  passiis  de  I'appareil  trlexial  et  de 
deformation  des  plans  convent ionnel  est  incluse  dans  les 
tests  de  lotcratoire 

Un  model?  e  last o-p las t ique  a  e te  utilise  pour  predire 
les  deform a  tiers  en  lahoratoire  pour  les  tests  de 
compression  actifs,  base  sur  les  tests  triaxiaux 
ccnventlonne  Is* 
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1.  I  NT  SC CUC T ION 


t  *  1  NajLihrii  £*  Jtii®  problem 

The  design  of  ear  1h  retaining  structures  involves  the 
deter®! nation  cf  the  external  forces  imposed  on  the 
structure  and  the  evaluation  of  the  d  i  sp  la  ceaien  t  s  in  the 
surrounding  ground*  The  structure  has  to  be  strong  enough  to 
carry  the  load  safely  and  the  around  movement  should  not 
cause  excessive  movement  to  existing  buildings  and  utility 
ducts* 

If  the  retaining  wall  replaces  identically  the 
excavated  ground  f  the  knowledge  cf  the  at  rest  coefficient 
of  earth  pressure  would  enable  the  soil  engineer  to  predict 
the  lateral  load  and  no  movement  should  be  observed  in  the 
neighborhood*  Under  these  circumstances  no  mobilization  of 
the  soil  shear  strength  is  permitted  beyond  the  Initial 
conditions*  Iff  on  the  other  hand,  the  construction 
procedure  or  the  flexibility  of  the  structure  permits  full 
mobilization  of  the  shear  strength  of  the  soil,  the 
determination  of  the  lateral  load  can  be  easily  obtained  by 
conventional  earth  pressure  theories*  The  wall,  however, 
would  have  to  irove  in  a  certain  lash  ion  to  guarantee  this 
condition*  .Most  engineering  situations,  particularly  braced 
cuts,  do  not  fall  into  any  of  these  two  limiting  conditions* 
As  a  result  of  the  construction  procedure  the  movement  of 
the  retaining  structure  does  not  produce  the  yielding 
necessary  to  allow  the  sell  to  fully  mobilize  its  shear 
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strength*  The  trend  towards  deeper  excavations  in  congested 
areas  is  forcing  the  engineering  profession  to  investigate 
the  relationship  between  stress  distribution  and  the 
magnitude  and  pattern  of  associated  movement  in  connection 
with  deep  excavations* 


1jl2  H££i2anJ«JIJ;  involved  Jjq  excavations 

The  disturbance  oi  the  original  state  of  stress  is 
produced  in  two  ways*  First  f  the  removal  of  material 
adjacent  to  the  wall  causes  a  release  of  the  horizontal 
normal  stress*  This  released  load  is  transmitted  to  the 
retaining  wall  and  the  struts  whose  deformation  results  in 
displacement  ir  the  adjacent  soil  which  in  turn  mobilizes 
its  shear  strength*  The  load  now  is  shared  between  the 
retaining  structure  and  the  surrounding  material*  Typically 
this  situation  is  predominant  when  excavating  narrow 
trenches*  The  soil  movement  is  primarily  dee  to  bending  of 
the  wail  and  yielding  of  the  struts*  Second,  the  removal  of 
the  soil  causes  a  release  in  vertical  normal  stress  at  the 
bottom  of  the  excavation  •  As  a  consequence  there  is  a 
reduction  of  the  passive  resistance  of  the  soil  inside  the 
excavation*  The  soil  movement  this  time  occurs  towards  the 
bottom  of  the  excavation*  Again  there  is  mobilization  of  the 
shear  strength  in  response  to  the  displacement*  The  width  of 
the  excavation  and  the  depth  to  a  firm  base  below  the  bottom 
will  play  an  important  Tele  in  this  case*  Bjerrum  ,  Frimann 


and  Duncan  (  19*72  )  believe  the  reduction  in  vertical  stress 
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la  «  Iwost  the  only  factor  reppons?ible  for  value?  of 
horizontal  stresses  greater  thar  Ronki ne 1 s  active  value# 

The  dafornaed  shape  of  the  wall  is  Influenced  by  the 
stiffness  of  the  wall  and  the  location  of  the  struts#  In  the 
vicinity  of  the  strut  there  will  be  much  less  horizontal 
movement  than  in  the  center  of  the  wall#  This  uneven 
displacement  will  have  a  significant  Impact  on  the  stress 
distribution#  The  mechanism  cf  the  phenomenon  »as  explained 
by  Terzaghi  (1943)  and  it  is  referred  to  as  the  arching 
effect*  In  his  own  words  2 

”  If  one  part  of  the  support  of  a  mass  of  soil 
yields  while  the  remaining  stays  in  place  *  the  soil 
adjoining  the  yielding  part  moves  cut  of  its 
original  position  between  adjacent  stationary  masses 
of  soil#  Tie  relative  novenenf  within  the  soil  is 
opposed  by  shearing  resistance  within  the  zone  of 
contact  between  the  yielding  and  the  stationary 
masses#  Since  the  shearing  resistance  tends  to  keep 
the  yielding  port  in  its  original  position*  it 
reduces  the  pressure  on  the  yielding  port  of  the 
suppor  I  and  increases  the  pressure  on  the  adjoining 
stationary'  part#  This  transfer  of  pressure  from  a 
yielding  mass  cf  sell  onto  adjoining  stationary 
parts  is  commonly  called  the  arching  effect*  and  the 
soil  is  said  to  arch  over  the  yielding  part  of  the 
support.  Arching  also  takes  place  if  one  part  of  a 
yielding  support  moves  out  more  than  the  adjoining 
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parts  * ” 

Arching  will  fee  a  dominant  feature  in  redistributing  the 
ncraai  stress  tc  he  carried  toy  tie  retaining  structure* 

1jl2  JE«XlJ2  pressure  theories 

Iriany  advancements  in  engineering  solutions  have  been 
generated  in  response  to  economic  demands  and  material 
conditions  of  society*  Such  is  the  case  of  earth  pressure 
theories  where  advancement  was  impelled  by  the  construction 
of  roads  and  canals  in  the  eighteenth  century* 

The  first  comprehensive  -treatment  of  the  problem  was 
given  by  a  French  engineer  *  Charles  Augustin  Coulomb  in 
17  76*  In  his  memoirs  he  recorded  various  engineering 
problems  iocludirg  that  of  earth  pressure.  Coulomb  isolated 
a  wedge  of  soil  and  wrote  two  force  equilibrium  equations* 
The  total  value  of  the  lateral  pressure  was  calculated 
assuming  a  planar  failure  surface  and  shear  resistance  along 
this  plane  as  fully  mobilized*  although  he  stated  there  is 
no  movement  of  the  wall*  He  pointed  out  the  possibility  of 
different  failure  surfaces  but  experience  with  overturned 
wails  led  him  to  use  this  assumption*  No  reference  was  made 
about  the  state  of  stress  inside  the  wedge*  The  greatest 
thrust  for  all  possible  wedges  Is  the  design  load*  Coulomb 
Initially  considered  no  friction  being  developed  between  the 
soil  and  the  wall  but  in  a  later  section  the  equations  were 
modified  to  include  it*  The  position  of  the  resultant  was 
clearly  defined  when  he  studied  the  equilibrium  of  the  wall 
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by  writing  a  moment  equilibrium  equation  around  the  toe-.  A 
triangular  distribution  of  earth  pressure  was  assumed* 
Although  he  recognized  the  influence  oi  different  types  of 
soil,  which  was  done  for  the  first  time*  he  concluded  with  a 
very  practical  recommendation:  11  I  think  that  for  all  kinds 
of  soil,  retaining  walls  can  be  designed  without  danger  with 
a  batter  of  1/6  and  with  the  ridge  one  seventh  of  the 
height”*  lr  1857  Pankine  proposed  basically  a  particular 
case  of  Coulomb’s  analysis  in  which  there  was  no  friction 
between  the  sell  end  the  wall*  fiankine,  however  ,  assumed  a 
plastic  state  being  developed  behind  the  wall  and*  departing 
from  Coulomb,  a  small  movement  of  the  wall  being  enough  to 
reach  that  state  of  stress,  although  nothing  was  said  with 
respect  to  the  magnitude  of  this  movement*  In  1  $  1 0  Resal 
extended  Pankine’ s  equation  to  determine  the  lateral  load  in 
cohesive  materials* 

The  assumption  of  hydrostatic  stress  distribution  both 
along  the  back  of  wall  and  the  surface  of  sliding  when 
applied  to  situations  where  there  is  friction  hetween  the 
wall  and  backfill  material  leads  to  a  failure  of  the  forces 
to  concur  at  one  point  as  shown  In  figure  1*1.  a*  ,  where  W 
is  the  wedge’s  weight,  k  the  soli  reaction  and  Pa  the 
lateral  load.This  violation  of  equilibrium  can  be  explained 
by  the  fact  the  actual  slip  surface  is  curved  as  in  figure 
1*1*1)*  Similar  to  the  Coulomb’s  asumptions,  the  general 
wedge  theory  became  a  very  popular  tool  to  design  retaining 
structures*  Instead  of  planar  surfaces,  circular  and 
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FIGURE  1.1  WEDGE  EQUILIBRIUM 
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logarithmic  spirals  were  extensively  used*  There  is  no 
requirement  with  respect  to  the  location  of  the  resultant  of 
lateral  stresses  and  consequently  stress  distribution.  This 
very  attractive  theory  just  laid  down  induced  designers  to 
believe  the  problem  was  almost  solved*  lerzaghi  (1936,b) 
expressed  his  concern  about  the  limitations  of  the  theory: 
"Bence  the  fundamental  misconception  associated  with  the 
traditional  earth  pressure  computations  dees  not  reside  in 
the  theories  as  such.  It  lies  in  the  failure  of  the 
designers  to  consider  the  limitations  on  the  validity  of  the 
theory”.  Terzaghl*s  concerns  were  not  very  much  about  the 
shape  of  the  failure  surface,  friction  offered  by  the  wall 
or  the  position  of  the  resultant,  although  he  was  aware  of 
their  importance,  His  apprehension  was  related  to  the 
complete  mobilization  of  the  shear  resistance  of  the  soil 
along  the  failure  plane.  Coulomb  simply  assumed  no  movement 
and  Rankine  presumed  little  movement  would  be  enough  to 
reach  a  minimum  value  for  the  lateral  stress.  In  1936 
Terzaghi  reported  large  scale  model  tests  results  in  sand  to 
investigate  the  influence  of  the  lateral  displacement.  He 
ran  tests  in  loose  and  dense  sards  allowing  the  wall  to 
displace  in  the  horizontal  direction  and  to  rotate  around 
the  toe.  Terzaghi  concluded  for  dense  sands  a  triangular 
stress  distribution  to  be  representative  as  long  as  the 
displacement  was  large  enough  to  induce  slip.  The  yielding 
necessary  to  reach  Coulomb* s  total  load  was  significantly 


smaller.  Initial  displacements  change  the  initial  state  of 
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stress  (at  rest)  very  rapidity  tc  Coulomb’s  value  but  not 
with  a  hydrostatic  distribution  t  and  further  yield  causes  a 
gradual  redistribution  of  stress  without  changing  the  value 
of  the  resultant  of  the  lateral  stress#  When  testing  loose 
sands  ,  the  resultant  retrained  in  the  same  position 
throughout  the  test  and  a  much  larger  displacement  of  the 
wall  was  necessary  to  reach  Coulnrub’s  value#  The  stress 
distribution  was  of  triangular  shape  during  the  entire 
duration  of  the  test#  It  was  evident  the  arching  effect  was 
a  predominant  factor  in  the  redistribution  cf  the  stresses 
in  dense  sands# 

The  most  striking  difference  between  Terzaghi’s  tests 
and  the  actual  behaviour  of  strutted  excavations  is  in  the 
type  of  deformation.  As  soon  as  the  first  level  of  struts  is 
placed,  the  horizontal  movement  at  the  top  is  greatly 
obstructed,  and  further  excavation  causes  movement  of  points 
below  the  strut  until  a  new  level  of  struts  is  installed# 

The  final  displacement  shape  is  closer  to  a  wall  rotation 
around  the  top,  although  a  simple  rotation  around  the  toe  is 
far  from  the  behaviour  of  actual  engineering  structures  , 
since  the  wall  bends  and  the  struts  contract  as  the 
excavation  proceeds,  not  to  mention  details  related  to  the 
construction  procedure  being  used*  Coulomb’s  earth  pressure 
theories  suit  best  to  rigid  retaining  walls,  where  no 
bending  of  the  slructure  Is  permitted# 

From  the  above  it  seems  that  a  proposition  in  the  form 
of  a  comprehensive  theoretical  solution  for  strutted  walls 
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would  be  considered  unattainable.  The  most  efficacy  can  be 
obtained  by  gradually  gaining  experience  from  Instrumented 
field  cases  to  evaluate  the  shortcomings  of  the  analytical 
so lut lonsi 

JLa.4  Seml^molri^i  XUles 

This  section  presents  some  case  histories  which 
illustrate  tie  development  of  semi  — emp i r lea  1  design  rules 
for  braced  excavations*  It  is  rot  the  aspiration  of  the 
writer  to  present  a  complete  collection  of  field 
measurements  in  the  area.  Some  investigations  which  deserve 
to  be  mentioned  may  well  have  been  overlooked* 

One  of  the  first  engineers  to  direct  his  attention  to 
the  actual  behaviour  of  braced  excavations  was  Meen  (1908) 
who  noticed  in  strutted  excavations  in  sands  that  the  upper 
struts  were  working  at  very  t igh  stresses  compared  to  the 
lower  struts*  It  was  a  purely  visual  observation  at  that 
time*  The  upper  struts  in  some  cases  even  bent  a  little 
while  the  lower  level  ones  were  not  so  tight*  This 
observation  contradcted  Coulomb^  hypothesis  of  a 
hydrostatic  lateral  pressure  dlstri bu tion*  Mecn  attributed 
this  anomalous  behaviour  at  that  time  to  arching  effects*  He 
then  proposed  a  different  approach  to  the  design  of  such 
structures*  The  resultant  was  to  be  applied  at  a  distance  of 
2/3  of  the  height  from  the  hettom  of  the  excavation*  He 
assumed  a  wedge  cf  soil  (figure  1*2)  AEC  sliding  freely 
along  BC  which  makes  a  angle  ja  (angle  of  repose)  with  the 
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AD  C 


a  =  angle  of  repose 


FIGURE  1 .2  MEEN'S  HYPOTHESIS 


horizontal  direction.  The  angle  ABC  is  bisected  by  13  D  •  The 


total  horizontal  thrust  is  calculated  by  : 


Pa  —  ’t{  ABD  )/tan  a....*...**..........  1.1) 


This  design  procedure  was  widely  used  by  the 
engineering  profession  on  scaie  oi  the  most  important 
constructions  in  that  decade  ;  for  example  the  retaining 
structure  for  the  Brooklyn  Subway  in  New  York. 

Moulton  (1920)  also  recognized  the  influence  of  the 
arching  effect  and  noticed  that  the  maximum  earth  pressure 
was  either  at  or  slightly  above  tbe  midheight*  He  argued  the 
failure  surface  was  not  a  function  of  the  angle  of  repose 
but  it  would  be  ,  regardless  of  the  type  of  soil  ,  in  a 
plane  reaching  the  surface  at  a  distance  of  hall  the  depth 
from  the  wall. 

Terzaghi  (  1936* a)  assumed  the  ratio  between  the 
horizontal  and  vertical  stresses  to  be  of  the  form  ' 


K  =  Kc  (  1  +  Ci*Z/H  ) 


(1.2) 


where  : 

—  Kc  =  minimum  value  o  f  the  ratio  ( Ka  ) 


•  ffe«  «if  t  toil 
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Cl  ■=  coefficient  which  express  the  relation  between  K 
and  the  sheeting  deflection*  For  example  ,  for  KanUne 
state  (active)  Cl  =  C* 

H  =  depth  of  the  excavation 

Z  —  vertical  distance  between  the  bottom  of  the 
excavation  and  the  point  in  question* 


He  obtained  a  trapezoidal  earth  pressure  distribution 
for  sands*  These  results  had  still  to  be  confirmed  •  Field 
measurement  in  sands  was  done  in  a  braced  excavation  for  the 
Subway  in  Berlin  { Terzaghi ,  1941)  which  confirmed  Terzaghi's 

prediction*  He  then  proposed  the  earth  pressure  distribution 
of  figure  1*3  •  He  believed  the  reaction  of  the  soil  below 

the  bottom  of  the  excavation  had  little  influence  on  the 
stress  distribution,  therefore  it  was  ignored.  The  arching 
effect  hypothesis  was  then  substantiated  by  field 
measurements  ir  sards* 

Peck  (1841,1543),  during  the  construction  of  the 
Chicago  Sufcwoy  ,  took  the  opportunity  to  investigate  the 
behaviour  cf  cohesive  soils*  Peck's  concern,  besides  the 
determination  of  the  strut  loads,  was  the  validity  of  the 
Implicit  hypothesis  in  Coulomb,  «ankine  and  the  general 
wedge  theory  about  full  mobilization  of  the  shear  strength 
of  the  soil*  It  was  clear  to  hire  that  this  had  to  be 
obtained  at  the  expense  of  some  lateral  displacement.  If 


.  *  r  >  •  ) 
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Pan  -  1/2/H2  Ka 


K 


a 


Coul  omb 


FIGURE  1.3  TERZAGHI ' S  STRESS  DISTRIBUTION  IN 


BRACED  CUTS 


insufficient  expansion  would  explain  loads  larger  than  the 


earth  pressure  theories,  he  should  obtain  significant 
scattering  between  different  contractors*  section  loads* 
Nevertheless,  fcy  ironltorlng  loads  in  sections  built  by 
different  contractors,  be  consistently  obtained  a  ratio  of 
0.75  between  the  shear  strength  actually  developed  and  the 
maximum  available  shear  strength*  The  insufficient  expansion 
hypothesis  was  very  unlikely*  It  seemed  the  shear  strength 
of  the  soil  was  being  mobilized  but  the  presence  of  the 
si  ruts  was  inducing  3  hear  stress  redistribution*  The 
resultant  of  the  lateral  lead  was  located  at  a  distance  of 
0.4«3H  f  row  the  bottom  of  the  excavation*  Frotr  Peck’s 
measurements  a  new  insight  was  brought  with  respect  to  the 
amount  of  yielding  necessary  to  mobilize  the  soil*s  shear 
strength*  The  designers  believed  lateral  displacement  in  the 
order  of  5*  of  the  depth  of  the  excavation  was  necessary, 
but  Feck  observed  0*2591  would  be  enough*  In  the  conclusion 
to  his  work.  Feck  suggested  the  stress  distribution  of 
figure  1  •  -I  •  The  factor  of  1*2  was  to  compensate  for  the 
scatterlrg  of  the  results*  These  design  recommendations 
emerged  from  field  measurements  in  medium  stiff  clays. 

Peck  *  s  de  t  e  r  »t  1  ra  t  1  cn  of  Ka  can  be  reproduced  hy  computing 
the  total  lateral  load  Fa  from  Rankine*s  expression  for 
active  stresses  where  Pill  =  0*  (equation  1*2)  and  dividing 


by  the  total  fluid  pressure  (Ht)i<2/2« 


f 


4  Cu  ) 

7  H  J 


FIGURE  1.4  PECK'S  STRESS  DISTRIBUTION  IN  BRACED  CUTS 


Pa  -  tfH  -  4  Cu 


1  6 

(1*3) 


Ea  =  ^U**2/2  -  2  Cu  H  •  •  • . •  ••• . . . .....(1.4) 

Ka  =^H**2/2/Fa . . . ........(  1.5) 

Ka  =  1  -  4  Cu/(  (f!) . . . . . (  1  .  t  ) 


It  Is  Implicit  in  this  derivation  that  tension  will  be 
developed  up  to  the  height  4  Cu/^ contributing  to  the 
stability  of  the  w  a  Tschefcotafiotf  (1951)  questioned  the 
validity  of  Feck’s  recoititenda  t  ion  and  proposeo  *he  stress 
distribution  on  figure  1.5  • 

Colder(1948)  took  measurements  in  a  trench  excavated  in 
stiff  fissured  clays  and  according  to  classical  eartt 
cressure  theories  or  Peck’s  r ec o «m enda t i on s  the  wall  would 
have  been  able  tc  stand  hy  Itself*  but  the  struts  were 
observed  to  be  carrying  a  substantial  load. 

PiRtaaaio  ard  Hjerruit  (  1957)  confirmed  the  presence  of 
load  in  traced  excavations  in  stiff  fissured  clays  for 
depths  in  which  Feck’s  distribution  indicated  no  load  *  but 
after  a  certain  depth  Peck's  predictions  were  suitable,  in 
view  of  data  collected  since  Terzaghi  and  Peck  ( 1948)  they 
reviewed  their  recommendations  in  1967  which  were  even  more 
substantiated  ty  further  measurements  (Peck*  1969).  Peck 
maintained  that  the  cuts  primarily  investigated  did  not 
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Temporary  in  stiff  clay  Permanent  in  medium  clay 


FIGURE  1.5  TSCHEBOTARIOFF'S  STRESS  DISTRIBUTION 


IN  BRACED  CUTS 
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allow  development  cf  failure  below  the  bottom  of  the 
excavation  due  to  the  presence  of  much  stiffpr  material  •  Tn 
this  case  the  expression  1*6  would  remain  unaltered  for 
medium  and  soft  clays*  The  soil  profile  in  OslolNGI,  1962) 
did  not  provide  the  saae  conditions*  In  this  case  the 
potential  slip  surface  can  extend  well  heyond  the  bottom  of 
the  cut  therefore  a  new  expression  for  Ka  was  proposed 
(equation  1*7)  (figure  l*6a)  • 


(1.7) 


In  which  re  is  an  empirical  reduction  factor  t  c  he  applied  to 
the  value  of  Cu*  For  the  Cslo  cuts  the  value  of  m  was  found 
to  be  0*4  f  which  also  applies  to  the  measurements  for  the 
subway  in  Mexico  City  (Rodriguez  and  Flammand,196P).  Tt  Is 
wor*h  while  to  mention  that  in  Chicago  cuts  t  he  strut  loads 
correspond  to  the  value  re  =  1*0  even  for  i r t e rme d i a t e 

epths»  a  situation  In  which  the  potential  slip  surface 
could  develop  beyond  the  hot  t  err.  •  Terz.aghl  and  Peck  (1967) 
attributed  the  variation  of  ni  to  the  stress  strain 
characteristics  of  the  c  lay  t  and  not  to  the  value  of  the 
stability  number  N  (  H/Cu),  which  is  a  factor  indicative  the 
excavation  is  approaching  a  complete  base  failure*  They 
believed  the  basic  difference  between  the  Chicago  and  the 


Oslo  clays  was  the  preloadirg  to  which  both  have  been 
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FIGURE  1.6  TERZAGHI  AND  PECK'S  DISTRIBUTION  OF  EARTH 


PRESSURE  IN  BRACED  CUTS  IN  CLAY  (1967) 
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subjected.  The  Oslo  clays  (as  for  Mexico  City  clays)  are 
truly  normally  consolidated  whereas  the  Chicago  clays  have 
been  slightly  preleaded*  This  preloadins  was  not  enough  to 
alter  the  strength  parameters  but  it  was  sufficient  to 
modify  the  Initial  modulus  of  deformation*  Paged  on  a  slip 
surface  below  the  bottom  of  the  excavation  Henkel  (IS72) 
obtained  values  cf  lateral  stress  significantly  higher  than 
Rankine’s  value,  and  be  therefore  attributes  the  value  cf  nj 
to  be  associated  with  weak  soil  below  the  bottom  of  the 
excavation*  With  respect  tc  stiff  clays  the  value  of  Ka 
using;  equation  1*7  would  still  be  negative*  The  expression 
for  Ka  was  based  on  +he  assumption  of  the  develop  trent  of 
plastic  zones,  but  for  values  of  N<4  this  would  not  be  the 
case,  therefore  It  should  not  be  used  for  values  of  N<4* 
Terzaghi  and  Peck  (1967)  then  proposed  the  stress 
distribution  of  figure  l*6*b*  The  lower  va  to  retaining 
structures  allowing  reduced  movement  and  for  short 
construction  time,  and  the  upper  value  otherwise*  This  was 
an  empirical  rec emmenda t  io r  still  to  be  proved  by  field 
measurements*  Special  attention  from  now  nn  will  be  devoted 
to  excavation  in  stiff  clays  ,  an  area  In  which  there  are 
more  questions  still  to  be  answered* 

Some  more  recent  field  instrumentations  registered 
lateral  loadcn  wall  In  stiff  soils*  Measurements  of  stress 
on  a  tied-back  wall  in  stiff  clays  by  Vrnsxir  and  Alizadeh 
(  1970  )  indicated  a  value  of  0  •  l  0  I^H  *  Chapman,  Cording  and 
Schnabel  (1972)  Instrumented  several  sections  In  the 
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Washington  E*C*  Subway  •  The  soil  profile  is  composed  of 
stratified  layers  of  stiff  silty  clay,  sand  and  gravel*  The 
results  of  their  m  easu  re  ir  en  t  s  suggested  0  •  1  5  Xll  for  depths 
around  30  feet,  0  •  20  H  for  depths  of  40  to  50  feet  and  0  •  2 
H  for  depths  of  60  feet*  Armento  (1972)  irori  toreo  the 
performance  of  a  braced  excavation  in  stiff  sandy  clay  in 
Oakland,  California*  He  proposed  the  stress  distribution  of 
figure  1*7  •  Clough,  Weber  and  Lamontl  1972  )  obtained  0*4^H 

as  the  best  fit  for  their  measure aients  on  a  tled-back  wall 
in  Seattle  stiff  fissured,  varved  lacustrine  clay* 


1-1.2  J2x.2i2.2J;  5 s_tu.dy 

According  to  the  type  of  structure  designed  to  support 
lateral  earth  pressure  and  control  settlements,  different 
modes  of  behaviour  are  present  ,  therefore  requiring 
distinct  treatments*  The  rigidity  of  the  retaining  structure 
has  a  direct  impact  on  leads  and  displacements  and  here,  for 
simplicity,  they  are  divided  into  three  categories: 

1*  rigid  wall  —  the  retaining  structure  is  stiff  encugh  to 
prevent  any  bending  of  the  wall*  It  moves  as  a  rigid 
block  either  by  translation  cr  rotation  around  the  base* 
Traditional  earth  pressure  theories  estinate  the  total 
load  and  earth  pressure  distribution  with  satisfactory 
a  ecu  racy* 

2*  flexible  w>all  -  the  stiffness  of  the  retaining  wall  is 
such  that  significant  bending  is  present*  The  embedment 


at  the  base  provides  a  substantial  contribution  to 


. 


FIGURE  1.7  STRESS  DISTRIBUTION  IN  BRACED  CUTS  IN  OAKLAND 


ARMENTO  (1  972) 
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resist  the  ieteral  load.  Cantilever  and  anchored  sheet 
piles  tall  irtc  this  category*  as  well  as  braced 
sheet  i  n #3  • 

3*  semirigid  wall  -  a  class  of  structure  where  bracing  or 
anchors  are  present  to  avoid  excessive  settlement  and 
the  wall  is  not  flexible  as  a  sheet  pile  wall*  but 
flexible  enough  to  allcw  some  bending,  for  example  a 
diaphragm  or  tangent  pile  wall* 

The  problem  being  investigated  here*  relates  to  the 
behaviour  cf  semirigid  structure  in  stiff  soil* 

The  objective  of  this  research,  besides  documenting  a 
field  case  of  a  deep  excavation  in  stiff  sell  *  is  to 
improve  the  capability  to  predict  earth  pressure 
distribution  and  the  pattern  and  magnitude  of  the 
displacement  caused  by  the  excavation* 

The  line  cf  attack  adopted  here  involves  four  different 
phases  described  as  follows: 

1*  acquisition  of  field  data 

To  evaluate  the  gap  between  theoretical  methods  and 
actual  behaviour  of  engineering  structures  it  is 
imperative  to  have  Held  observation  on  full-size 
structures*  An  analytical  method  which  is  able  to 
reproduce  field  data  provides  a  sound  basis  for  future 
design  guidelines*  The  first  phase  Involves  the 
installation  ot  field  equipment  necessary  to  monitor 
strut  loads*  soil  movement  and  lateral  stresses  In  a 
semirigid  structure  in  stiff  soil* 


• f 

bn  **oit*m  S  *>->**•' <1*4  •*  *  '' 

ol  .jd«  »|  *>!*•  bort*».  J.9l»xi*r»  ■»*  .•••»«»»*"♦•• 

■,uto»  to*  altmO  lxtuo«  •  «*b»*o-.c|  *»st>  b».l» 

■ 

If  >ylovnl  «a®cfq  t*i!»  <**T  .••**  I  f  «bl  if  n%l** 


laboratory  representation 


Peck  (1869)  alleges  the  modulus  oi  deformation  of 
the  ground  to  be  the  most  Important  parameter  governing 
displacement  in  deep  excavations*  Lambe  (1970)  and 
Henkel  (  1970  )  emphasized  the  importance  of  the  stress 
path  for  excavation  problems*  The  objective  in  this  step 
lies  in  the  determination  of  an  adequate  stress-strain 
relationship  to  represent  the  actual  field  conditions* 
Samples  of  "undisturbed"  material  will  be  extracted  and 
submitted  to  laboratory  tests  under  different  stress 
pa  ths • 

analytical  model 

In  situations  where  the  stability  factor  is  less 
than  4  there  is  no  marked  presence  of  a  zone  of 
plas  ti f icn tion  »  therefore  traditional  earth  pressure 
theories  are  not  suitable*  An  adequate  analytical 
solution  for  soft  and  medium  clays  under  such 
circumstances  is  provided  by  the  theory  of  elasticity, 
if  there  is  no  risk  of  base  failure  (Morgenstern  and 
E 1  sens  te in ,  1970  )*  The  objective  of  this  phase  is  an 

analytical  solution  for  semirigid  structures  in  stiff 
so  J Is* 

analysis  of  the  cose  history 

All  the  three  previous  steps  will  be  brought 
together  in  this  phase*  (#lth  the  stress  strain 
relationship  obtained  from  the  laboratory 

representation,  with  the  aid  of  the  results  generated  by 
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the  analytical  model  ,  a  critical  analysis  of  the  field 
data  will  he  performed  •  It  is  hoped  the  field  data  can 
be  reproduced  by  the  analytical  model,  therefore 
allowing  a  reliable  parametric  study  to  evaluate  the 
influence  c  f  seme  cf  the  variables* 

It  is  expected  that  a  broader  perspective  can  be 
obtained  by  this  integrated  approach*  Field  observation, 
laboratory  Investigation  and  the  analytical  solution 
will  be  all  examined  with  the  purpose  to  evaluate  the 
relative  importance  of  each  one  of  them  in  the  light  of 


the  overall  behaviour* 


„  „  I.  ,»«<«  M.t  n  t  »  .*•  <*•»  "  '<J 


2*  DESCRIPTION  CF  THE  FIELD  CASE 


2j- I  Jjl±j^dlli2-LLCI2 

The  rapid  developaent  cl  the  City  of  Edmonton  led  the 
city  planners  to  propose  the  construction  of  a  light  rail 
transit  system  to  improve  Its  public  transportation 
facilities*  The  North  East  Rail  Rapid  Transit  line  <  figure 
2*1)  was  concluded  to  be  the  line  of  the  highest  priority* 

It  joins  the  dcwrtown  area  to  zones  which  host  public 
entertainment  events,  therefore  requiring  fast  flow  of 
people  in  short  periods  of  time* 

The  dominant  presence  of  stiff  soil,  in  the  form  of  a 
glacial  till  (figure  2*2)  In  the  area  of  the  underground 
portion  of  the  line,  offered  a  great  opportunity  to  study 
the  performance  of  retaining  structures*  The  geotechnical 
properties  and  a  brief  summary  of  the  local  geology  will  he 
presented  in  subsequent  sections*  The  underground  part 
connecting  Jasper  and  Centennial  stations  was  constructed  in 
two  parallel  tunnels  and  their  performance  has  been 
described  elsewhere  (Eisenstein  and  Thomson  ,  1978)*  The 

Jasper  station  is  located  In  the  downtown  core  of  the  city 
surrounded  by  buildings*  The  Centennial  station  location,  on 
the  contrary  ,  is  free  of  interference  from  construction  in 
the  neighborhood,  and  is  therefore  a  more  appropriate  case 
for  an  Investigation* 
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FIGURE  2.1  EDMONTON  NORTHEAST  RAPID  TRANSIT  SYSTEM 


■ 


fill  and  pavement 
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2±2  ecology 

The  geology  of  the  Edmonton  area  has  been  described  by 
a  large  number  of  authors  (  Bay  rock  and  Hughes  *  1962  , 

Bay  rock  and  Berg  ,  1  966  y  ^cstgate  ,  1969  y  Ramsden  and 

Westgate  y  1971  and  May  and  Thomson y  1978  )•  A  brief  sunary 

will  be  presented  here* 

During  late  Cretaceous  time  (  8()yOOGyOOO  years  E*F*  ) 
the  Edmonton  area  was  covered  with  a  shallow  continental 
sea*  Clay y  silt  and  sand  were  deposited*  Some  volcanic 
activicty  in  the  west  deposited  blankets  of  volcanic  ash*  As 
a  result  y  fine-grained  bentonitic  sandstones,  siltstone  and 
clay  shales  (sedimentary  rock  formed  by  particles  less  than 
0*06  mm*  with  laminated  structure)  were  formed*  During  much 
of  the  Tertiary  and  early  Pleistocene  timesy  the  area  was 
subjected  to  erosion  cycles*  The  last  major  erosion  cycle 
before  glaciation  formed  the  preglacial  channel  of  the  North 
Saskatchewan  River*  Streams  flowing  from  the  west  deposited 
different  sizes  of  quartzite  rock  fragments  known  as 
Saskatchewan  sands  and  gravels*  A  thick  ice  sheet  advancing 
from  the  northeast  laid  down  a  glacial  deposit  colled  lower 
till*  A  later  advancement  from  the  northeast  gave  origin  to 
the  upper  till*  The  upper  till  is  yellowish  with  columnar 
joints  and  the  lower  one  greyish  with  a  rectangular  joint 
system*  The  presence  of  thin  layers  of  sand  represent  minor 
washing  of  glacial  debris  by  running  water*  The  meltwater 
from  the  glacier  resulted  in  the  formation  of  proglaclal 
lakes  which  gave  origin  to  the  surficial  deposit  known  as 
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Lake  Edmonton  clay* 


2 9 3  Loca  l  crctile 

In  addition  to  the  test  hole  data  obtained  tor  this 
research  project*  boreholes  logs  from  nearby  projects  were 
utilized  to  aid  the  interpretation  of  the  local  profile*  At 
the  location  of  the  section  under  investigation  three 
boreholes  for  multiple-point  magnetic  ex  ten some t e rs  and  one 
for  a  slope  indicator  were  drilled*  Previous  light 
construction  activities  in  the  area  has  removed  part  cf  the 
surficlal  materials*  and  assorted  fill  has  been  encountered 
in  the  initial  1*5  meters*  Table  2*1  can  be  taken  as  the 
general  profile  for  the  section  under  study*  The  presence  of 
water  was  observed  at  depths  of  27  meters* 
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TABLE 2 i i 

description....*  ••  ••••  ••••  •••••••••• 

Light  brcwn  clay.  Some  gravel 
and  sand.  Pieces  of  concrete  and 
clay  bricks  from  old 

construe  tion.  •*..•••••  ••••«•••«.  •••• 

Brown  and  dark  grey  silty  clay. 

Firm  to  stiff. ....••••••••••••••••I. 

Medium  brown  clay  till.  Clay, 
silt  and  sand.  Traces  of  coal. 

Some  gravel.  Stiff.. •••••.....••.••4 

Dark  grey  clay  till.  Clay  silt 
and  sand.  Traces  of  coal.  Seme 
gravel.  Stiff  .10 

Medium  sand  with  traces  of  coal..  .17 


Interoedded  mudstones  and 


depthl m  ) 


0  to  1.5 


5  to  4.0 


.5  to  10 


to  17.5 


•  5  to  23 


si  1 tstenes 


25  to  ? 
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Structure  ?nd  cons  true  tion  p rocedure 

The  retaining  structure  for  the  Centennial  station 
consists  of  a  vertical  wall  supported  laterally  by  three 
levels  of  permanent  struts# 

A  typical  cross  section  can  be  seen  in  figure  2*3  •  The 

vertical  wall  is  composed  of  concrete  tangent  piles  (figures 
2*4  and  2*5)  •  Every  fifth  concrete  pile  starts  at  the 
ground  level  ard  the  bet  tom  is  belled  and  ere bedded  in  the 
bedrock;  their  diameter  is  106*7  cm#  The  four  intermediate 
concrete  piles  are  91*4  cm#  diameter  •  Their  tops  are  at  the 
mezzanine  level  anti  their  bottoms  are  located  200  cm*  below 
the  bottom  of  the  excavation  (figure  2.4).  The  sheet  pile  is 
composed  of  sections  of  the  type  MZ  27  which  dimensions  are 
in  figure  2*6*  The  girders  ,  forming  the  street  level 
surface  structure,  are  precast  concrete  beams  with  the  cross 
section  of  figure  2*7* 

On  top  of  the  long  piles  there  is  an  "L"  shaped 
concrete  beam  which  runs  parallel  to  the  axis  of  the 
excavation,  providing  a  support  for  the  gl rders( figure  2*9)* 
The  mezzanine  floor  structure  is  cast-in-place  with  the 
dimensions  of  figure  2*10*  •  The  bottom  floor  is  a 
continuous  beam  also  cast  in  place  with  the  dimensions  of 
figure  2*8* 

The  first  stage  of  the  construction  procedure  consists 
of  drilling  holes  for  the  long  belled  piles*  followed  by  the 
placement  of  the  reinforcement  and  the  concrete*  After  all 
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note:  all  dimensions  in  cm 


FIGURE  2.3  TYPICAL  CROSS  SECTION 
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FIGURE  2.4  TANGENT  PILE  WALL 
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FIGURE  2.5 


TANGENT  PILE  WALL 
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note:  all  dimensions  in  cm 


FIGURE  2.6  SHEET  PILE  CROSS  SECTION 
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note:  all  dimensions  in  cm 


FIGURE  2.7  GIRDER'S  CROSS  SECTION 


note:  all  dimensions  in  cm 


FIGURE  2.8 


BOTTOM  FLOOR'S  CROSS  SECTION 
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FIGURE  2.9  l  SHAPED  BEAM 
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the  long  piles  are  in  place,  the  sa me  operation  is  repeated 
for  the  short  ones  alternatively  •  The  upper  part  of  the 
short  piles  is  fcackf  11  led  with  scil  and  con?  pa cted.  The  next 
step  consists  of  a  small  excavation  for  the  "L"  shaped 
beams,  which  rest  cn  top  of  the  long  piles*  The  sheet  pile 
wall  is  then  driven  to  cover  the  space  between  the  girders 
and  the  mezzanine*  At  this  point  the  actual  excavation 
procedure  starts*  When  at  a  depth  enough  to  provide  room  for 
the  excavation  equipment  to  work  below  them,  the  girders  are 
placed  on  top  of  the  wLn  beams*  Ihe  excavation  proceeds  to 
the  second  level  of  struts  (Figure  2*14)  when  the  mezzanine 
floor  Is  poured*  Figure  2*11  illustrates  the  end  of  this 
stage  of  cons  trtic  t  ion  •  After  the  concrete  is  cured  fcr  2S 
days  the  excavation  resumes  from  the  ends  of  the  station 
(figure  2*12)  approaching  the  section  under  investigation 
(figure  2*13)  •  When  the  excavation  reaches  the  midheight  of 

the  second  spar,  a  temporary  sliding  system  of  struts  is 
installed*  When  the  final  depth  is  reached  the  bottom  floor 
is  poured  and  the  temporary  struts  are  released*  The  total 
elapsed  time  for  the  construction  of  the  Centennial  station 


was  2  1/2  yea  r  s • 
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note:  all  dimensions  in  cm. 
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FIGURE  2.10  MEZZANINE  FLOOR 
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FIGURE  2.11  MEZZANINE  FLOOR  COMPLETED 


FIGURE  2.12 


EXCAVATION  BELOW  THE  MEZZANINE 
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FIGURE  2.13  EXCAVATION  NORTH  OF  CENTENNIAL  STATION 


FIGURE  2.14  EXCAVATION  BELOW  THE  GIRDERS 


3.  FIELD  INSTRUMENTATION 


3jl1  iLnslAjrii'fiXX  Siudi 

Previous  to  any  field  mon  itorirg  equipment  installation 
a  preliminary  analysis  was  performed  to  guide  the  design  of 
the  field  instrumentation* 

The  pertinent  soil  data  were  obtained  from  previous 
work  in  the  area*  As  the  behaviour  of  the  construction  is 
determined  predominantly  by  the  presence  of  the  glacial 
till*  the  preliminary  analysis  concentrated  on  this 
material* 

Morgenstern  and  Thomsen  (1S7G)  presented  results  from 
unconsolidated  undroined  tests  to  c osn pare  tests  on  specimens 
from  blocks  and  from  the  Pitcher  sampler*  They  indicated 
shear  strength  results  smaller  for  block  samples  and  the 
compressibility  was  independent  of  the  mode  of  sampling*  The 
compressive  strength  for  samples  taken  fro&i  depths  varying 
from  20  to  28  meters  varied  between  3*5  and  8*0  kg/c»2*  De 
Jong  (1971)  and  De  Jons  and  Morgenstern  (1973)  considered 
the  values  obtained  for  the  modulus  of  deformation 
inadequate  when  determined  from  trlaxial  tests  results* 
Values  as  low  as  8G  kg/ens2  were  obtained  from  unconsolidated 
undroined  tests*  Back  analysing  deformation  measurements  led 
to  the  conclusion  that  these  results  were  far  below  the 
actual  values*  Eigonstein  and  Morrison  (1973)  predicted 
foundation  deformation  using  results  from  p r essu r erne t e r 
tests  which  agreed  remarkably  well  with  field  observations* 
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A  value  of  14GC  kg/c m2  for  the  modulus  of  deformation  in  the 
area  transpired  irons  their  work,  therefore  it  was  used 
throughout  the  preliminary  analysis*  The  geologic  history 
Indicates  this  material  to  be  lightly  overccnsolidated, 
therefore  KO  was  estimated  based  on  values  of  the  plasticity 
Index*  ove rconscl i do t I cn  ratio  and  angle  of  shearing 
resistance  (Breaker  and  Ireland*  1965  and  Isroth*  1975)to  be 
in  the  neighbourhood  of  0*85* 

A  simple  finite  element  analysis  was  performed  assuming 
the  material  to  behave  in  a  linearly  elastic  manner*  The 
excavation  simulation  is  achieved  by  applying  boundary 
forces  equal  and  with  opposite  sign  to  the  initial  state  of 
stress  along  the  excavation  (figure  3*1)  •  The  results  then 
obtained  represent  the  change  in  stress  due  to  the 
excavation  which,  when  added  to  the  initial  state  of  stress, 
yield  the  final  state  of  stress*  The  analysis  performed  was 
done  inc  reiten  +  allj  until  the  final  depth  was  reached* 

Three  distinct  stress  paths  emerged  from  this  analysis* 
The  elements  located  beside  the  wall  in  region  A  (figure 
3*2)  exihibited  no  significant  change  in  the  vertical  normal 
stress*  while  the  horizontal  normal  stress  was  gradually 
being  reduced  as  the  excavation  was  taking  place*  The 
elements  in  zone  E  showed  no  change  in  the  horizontal  normal 
stress  and  a  reduction  in  the  normal  vertical  stress*  The 
elements  In  zone  B  conferred  a  proportional  reduction  in 
both  stresses  at  the  early  stages  of  the  excavation  followed 
by  a  reduction  In  horizontal  stress  with  constant  values  for 
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FIGURE  3.1  ONE  STEP  ANALYSIS  OF  EXCAVATIONS 
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FIGURE  3.2  STRESS  PATHS  INVOLVED  IN  EXCAVATIONS 
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the  vertical  stress#  The  proportional  loading  (along  &0 
line)  was  observed  until  a  reduction  in  20%  of  the  vertical 
stress  took  place*  There  was  ,  of  course»  e  gradual  change 
fro®  one  stress  path  tc  another  ,  therefore  an  arbitrary 
determination  cf  the  boundaries  was  established* 

Based  on  this  preliminary  analysis  the  location  of  the 
displacements  detectors  was  planned*  Valuable  Information 
obtained  was  with  respect  to  ground  movements*  it  was 
initially  planned  to  install  slope  indicators  and  surface 
monuments  to  distances  as  far  as  20  meters  from  the  wa 1 l f 
whereas  the  analysis  suggested  no  significant  movement  would 
occur  at  those  distances*  It  became  clear  that  if  the 
material  behaviour  is  stress  path  dependent,  laboratory 
testing  would  deserve  some  attention  in  that  respect* 


3-»2  9.1  _tiL£ 

The  first  question  facing  the  investigation  of  an  earth 
retaining  structure  Is  the  measurement  of  the  loads  imposed 
on  it  by  the  surrounding  ground*  The  overwhelming  majority 
of  the  field  work  concerning  the  appraisal  of  lateral  load 
on  braceo  excavations  Involves  the  measurement  of  the  strut 
lead  although  it  seems  more  useful  to  search  for  the  lateral 
stress  distribution  along  the  wall*  The  low  efficiency  of 
measurements  of  lateral  stresses  directly  compelled  the 
researchers  to  look  for  an  alternate  approach  which  consists 
ir  monitoring  strut  loads*  The  efficacy  of  stress 
measurements  is  even  lower  when  dealing  with  stiff  soils* 
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During  the  course  of  this  project  an  attempt  to  measure 
stress  changes  along  the  wall  was  done  with  the  installation 
of  two  hydraulic  pressure  cells  at  the  interface  between  the 
tangent  pile  wall  and  the  surrounding  ground  (figure  3*3)* 

A  direct  measurement  of  the  strut  load  on  the  girders 
was  done  with  eighteen  electrical  load  cells  placed  between 
the  girders  and  the  MLM  shaped  beam*  It  was  necessary  to 
measure  lateral  lean  covering  the  horizontal  distance 
between  2  long  piles  to  pick  up  changes  due  to  the 
nonhorcogen e i ty  of  the  cross  section  along  the  axis  of  the 
excavation*  It  was  decided  to  monitor  the  horizontal 
distance  between  3  long  piles  to  account  for  eventual  faulty 
load  cells*  The  same  procedure  was  adopted  for  the  other  two 
level  of  struts* 

The  second  level  of  struts  was  resting  on  top  of  the 
short  piles  »  thereby  preventing  the  measurements  by  load 
cells*  Eight  strain  gauges  were  installed  at  tills  level 
( figure  3*3)  •  The  bottom  floor  resting  cn  the  ground  and 

cast  in  place  allowed  the  installation  of  twelve  loao  cells 
and  eight  strain  gauges* 

To  evaluate  the  extent  and  magnitude  cf  the  ground 
movement,  three  slope  indicators  ,  eleven  settlement  points 
and  three  borehole  ext ensomete rs  were  installed*  Due  to  the 
nature  of  the  soil  and  the  dimensions  of  the  structure, it 
was  anticipated,  based  on  experience  collected  by  Feck 
(1969),  that  it  would  be  necessary  to  monitor  points  as  far 
as  3  times  the  depth  of  the  excavation*  After  results 
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FIGURE  3.3  LAYOUT  OF  INSTRUMENTATION 
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obtained  from  the  preliminary  analysis  it  was  conduced  that 
the  movement  of  points  situated  that  far  from  the  wall  would 
be  insiani f leant • f  t  was  decided  therefore  rot  to  place  any 
displacement  measurement  equipment  further  than  the  depth  of 
the  excavation* 

The  mcveirent  of  the  soil  around  the  excavation  can  he 
caused  by  inward  movement  of  the  wall,  volume  change  of  the 
ground  and  flow  of  soil  below  the  wall*  The  movement  of  the 
wall  wa s  being  monitored  by  the  slope  indicators  in  the  long 
piles*  In  order  to  detect  the  influence  of  the  vertical 
stress  release  below  the  bottom  of  the  excavation,  which 
ultimately  causes  flow  of  soil,  it  was  decided  to  install 
two  borehole  e x tense me te r s  inside  the  excavation  (figure 
3.3  ) 

3*3  Ground  n  cveinpn  t 

-2-a.3_tJl  lU^iilJOilde  r 

One  slope  indicator  (SI1)  with  aluminum  casing  was 
placed  at  a  distance  of  8*5  meters  from  the  retaining  wall* 
Concrete  sand  was  used  as  backfilling  materiel,  as  dense  as 
possible  tc  provide  good  contact  beteween  the  slope 
Indicator  anc  the  surrounding  ground*  Very  litte  nrovement 
(  f  igure  3*4)  was  observed  due  to  the  excaveti on •  The 
preliminary  analysis  suggested  that  the  zone  affected  by  the 
excavaticn  to  be  very  reduced,  and  according  to  the  results 
obtained  from  this  slope  indicator  it  proved  tc*  lie  even 
smaller  than  the  analysis  indicated*  Tt  transpires  from  this 
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fl  DIRECTION  DEFLECTION  CURVE 

Notation  Depth(m)  Pate 


0 

2.7 

July 

19,76 

+ 

4.5 

July 

26,76 

A 

5.1 

Sept 

14,76 

V 

X 

10.0 

Nov 

15,76 

o 

15.2 

Feb 

27,77 

FIGURE  3.4  SLOPE  INDICATOR  SI1  READINGS 
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inclinometer  reedlnss  there  is  a  remarkably  smalt  zone  of 
influence  of  the  lateral  displacement  for  the  present  case 
history*  Lambef  ISolfsklll  and  Jaworsky»  1972  )  reported  for 
the  subway  in  Washington  D*C*  (very  stiff  to  stiff  clays) 
movements  of  about  3  cm  and  2*5  cm#  for  points  4  m*  and  11 
ra  •  from  the  wall* 

Two  slope  indicators  were  installed  in  the  deep  piles* 
The  first  one  of  them  (SI2)  had  its  aluminum  casing  attached 
to  the  reinforcement  of  the  pile  which  was  being  mounted  in 
the  horizontal  position*  During  the  lifting  operation 

V. 

excessive  deflection  caused  the  collapse  of  one  of  the 
joints*  When  it  was  being  repaired  a  rotation  of  the  casing 
caused  m  isa 1 ig rement  of  the  groove  with  the  axis  of  the 
excavation*  The  angle  of  m  i  sa  l  i  gtimen  t  was  measured  and 
proper  correction  was  done  by  the  computer  program*  To  avoid 
similar  problems  the  next  slope  indicator  (  S I  3  )  had  plastic 
casing  where  no  difficulties  were  encountered  (figure  3*5)* 
The  reading  for  S 1 3  (figure  3*7)  Indicated  a  maximum 
deflection  of  0*91  cm*  at  a  point  between  the  girder  and  the 
mezzanine  level.  Si2  ( figure  3*6)  recorded  a  much  greater 
deformation  (1*4  ctr*)  registered  at  the  ground  surface*  SI  3 
indicates  the  presence  of  a  significant  load  being  carried 
by  the  girders  while  SI2,  where  no  bending  is  observed  above 
the  mezzanine  level*  exhibits  the  inverse  situation*  The 
lateral  load  in  the  upper  part  is  carried  by  the  sheet  piles 
which  transmit  it  to  the  ”L”  shaped  beam  and  finally  to  the 
girders*  There  Is  a  clearance  of  7*6  cm*  between  the  "L" 
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FIGURE  3.5  SLOPE  INDICATOR  (PLASTIC  CASING)  INSIDE  A  LONG  PILE 
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a  direction  deflection  curve 


Notation  Depth(m)  Date 


o 

2.7 

July 

19,76 
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4.5 

July 
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0 

15.2 
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27,77 

FIGURE  3.6  SLOPE  INDICATOR  SI2  READINGS 
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FIGURE  3.7  SLOPE  INDICATOR  SI3  READINGS 
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shaped  bean  anc  -the  precast  girders  which  is  tilled  with 
cement  grout#  The  grout  in  the  cross  section  of  slope 
indicator  Sl2acted  as  a  soft  material  therefore  not 
transmit ing  the  lateral  load  to  the  girders* 

2.±2jl2  e^teji joje  ter 

The  multipoint  borehole  e x ten  some te r  developed  by  the 
Building  Research  Establ  Ishment  ( Bur land  * Moore  end  Smith 
1972*  Ward  and  Burland  1973  and  Smith  and  Bur  land  1976  ) 
consists  basically  of  a  magnetic  ring  housed  in  a  PVC 
cylindrical  unit  which  is  spring  loaded  against  the  wall  of 
the  borehole#  The  depth  of  each  magnetic  ring  is  determined 
by  lowering  a  probe  containing  reed  switches  which  operate 
as  they  pass  through  the  magnet# 

For  the  first  borehole  a  7 #62  cm#  diameter  hole  was 
drilled  until  the  Edmonton  formation  was  reached  and  kept 
filled  with  drilling  mud  to  prevent  caving#  The  PVC  pipe  was 
introduced  and  the  placing  tool  lowered  to  install  the  first 
magnet#  Great  difficulty  was  encountered  at  the  depth  of 
approximately  6  meters*  indicating  some  caving  took  place#  A 
20  cm#  diameter  hollow  auger  was  placed  outside  the  PVC  pipe 
to  the  depth  of  6  meters#  All  the  remaining  magnets  were 
installed  and  the  same  p  roc edure  was  adopted  lor  the  other 
two  boreholes#  To  prevent  sinllar  problems  in  the  long  run* 
after  the  installation  of  each  magnet  *  the  hole  was 
backfilled  with  concrete  sand  to  the  depth  of  the  next 


magnet  to  he  lowered#  Measurements  during  the  early  stages 
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of  the  excavation  Indicated  no  movement  of  the  magnets*  This 
behaviour  »as  attributed  to  the  high  degree  oi  denslfication 
attained  by  the  sand  caused  by  the  vibration  of  the 
construction  equipnent*  The  strength  of  the  backfilling 
material  became  then  comparable  to  the  surrou nd ing  sell 
which  effectively  locks  the  magnets  on  the  PVC  pipe 
(Marsland  and  Cuarterman  ,  1974)*  After  the  recognition  of 

the  problem  an  extra  borehole  was  drilled  inside  the 
excavation  when  it  reached  the  mezzanine  level*  No  caving 
was  to  be  expected  considering  the  upper  6  meters  had 
already  been  excavated*  A  12*7  cm  diameter  hole  was  drilled, 
thereforethe  springs  had  to  be  modified  for  the  new  diameter 
borehole.  A  bentonite  slurry  was  used  as  backfill  as  opposed 
to  concrete  sard  and  special  heavy  protection  around  the  top 
of  the  PVC  pipe  was  made  to  prevent  the  dropping,  of  small 
lumps  of  soil  by  the  excavation  equipment*  Once  more  no 
movement  was  recorded*  It  appears  the  springs  which  had  bean 
lengthened  could  net  provide  enough  spring  load  to  overcome 
the  small  friction  beteween  the  PVC  pipe  and  the  cylindrical 
unit*  No  records  of  bottom  heave  and  deep-seated  vertical 
movements  could  therefore  be  obtained* 

■3-i.2jt.ij  S^lJtJereexl  JEcjLnJLs- 

To  monitor  the  surface  vertical  movement  of  the  ground, 
eleven  surface  monuments  were  established*  The  installation 
procedure  consisted  of  augerins  a  20*3  cm*  diameter  bole  1.5 


meters  below  the  surface*  A  1*8  meters  long  steel  bar 
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(diameter  -  1*25  cm#)  was  placed  inside  and  hammered  down 

the  remaining  GO  cm  and  the  hole  was  backfilled  with 
concrete  sand#  A  precision  level  was  used  to  determine  the 
change  in  vertical  position  with  the  e xcavat ion#  Figure  3 #8 
represents  the  vertical  movement  when  the  excavation  reached 
its  final  depth#  The  gradual  reduction  of  vertical  movement 
with  the  proximity  of  the  wall  indicates  the  angle  of 
friction  between  the  retaining  wall  end  the  surrounding 
ground  was  enough  to  prevent  relative  novement# 

X 

H -id  ioadc  arid  jtre^es 

-lid-il  cejljj 

Two  Gloet^l  hydraulic  pressure  cells  were  placed  to 
detect  the  change  in  the  lateral  stress  with  excavation#  The 
units  were  located  at  the  interface  between  the  concrete 
piles  and  the  surrounding  soil#  After  the  hcle  for  the  pile 
was  augered  and  the  reinforcement  cage  already  introduced,  a 
vertical  surface  was  excavated  beside  the  pile  at  the 
required  level,  providing  a  flat  surface  to  rest  the 
pressure  cell  cn#  A  metal  frame  traced  the  cell  against  the 
opposite  side  of  the  borehole  to  avoid  displacement  while 
the  concrete  was  being  poured#  The  concrete  in  this  pile  was 
dropped  at  a  much  slower  rate#  Visual  inspection  was  done 
during  this  operation  to  insure  the  cell  was  kept  in  the 
proper  position#  Despite  all  the  precautions  the  oil 
pressure  during  the  early  readings  was  already  below  the 
nominal  values,  indicating  there  was  a  leak  somewhere  in  the 
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leads* 


2±4jl2  SJjcaiu  Gpuee« 

Each  hcrlzortal  beam  shaping  the  mezzanine  provides 
lateral  support  for  5  consecutive  tangent  piles*  Two  oi 
these  beams  mere  instrumented  w  i  th  3  vibrating  mire,  3 
electrical  strain  gauges  embedded  in  the  concrete,  and  2 
weldable  electrical  strain  gauges  on  the  reinforcement* 

Their  locations  in  the  cross  section  can  be  seen  in  figure 
3*9*  When  the  excavation  reached  10  meters  deep  a 
modification  introduced  in  the  original  design  was  tc  be 
executed*  An  additional  pedestrian  exit  adjacent  to  the  wall 
required  an  excavation  to  the  mezzanine  flcor  outside  the 
wall*  As  a  result  of  this  modi! ica  t ion  the  lateral  load  was 
to  be  partially  released*  Therefore  the  results  presented 
herein  express  the  lateral  load  produced  by  10  meters  of 
excavation*  The  inferred  stress  distribution  (figure  3*10) 
indicates  a  lateral  load  of  40,000  kg  per  linear  meter  along 
the  axis  of  the  excavation  (Appendix  C)* 

For  the  bottom  flcor  5  vibrating  wire  and  3  electrical 
strain  gauges  were  installed  to  monitor  the  lateral  load  in 
this  strut*  All  the  strain  gauges  were  embedded  in  the 
concrete*  As  was  mentioned  before,  a  set  of  temporary  struts 
was  placed  half  way  between  the  mezzanine  end  the  bottom 
floor*  The  temporary  struts  were  released  14  days  after  the 
bottom  floor  was  poured  •  The  strain  gauge  readings  were 


taken  until  a  month  after  the  temporary  struts  were  released 
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61  cm 


VW  vibrating  wire  strain  gauges 

SG  electrical  strain  gauges  embeded  in  the  concrete 
WSG  weldable  strain  gauges  in  the  reinforcement 


FIGURE  3.9  STRAIN  GAUGES  IN  THE  MEZZANINE 


84.7  cm 
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normal  stress 


(  kg/cm2  ) 


FIGURE  3.10  NORMAL  STRESS  ALONG  THE  HEIGHT  OF  THE  MEZZANINE 


and  no  lead  was  recorded*  It  appears  the  load  was  carried 
solely  by  the  irezzanine.  This  is  confirmed  by  negligible 
movement  of  the  wall  at  the  level  of  the  bottom  (loor 
compared  with  the  movement  at  the  mezzanine  level  (figure 
3,7  ) 

-2_tJ.il]  ce_l_ls 

The  lead  cells  for  the  girder  and  bottom  floor 
consisted  of  a  hollow  cylinder  having  its  ends  re stirs  on 
two  circular  grooved  plates  (figure  3*11)  Fach  set  of  three 
load  cells  for  the  girders  were  assembled  in  a  styrofoam 
panel  ( figure  3*12)  isolating  each  girder  Iced*  A  roller  was 
placed  under  each  girder  to  prevent  transfer  of  the  load  by 
friction  between  the  girder  and  the  ,,LM  shaped  beam*  The 
panels  were  then  in  contact  with  the  vertical  face  of  the 
"L"  shaped  beam  (figure  3*13)  and  the  girders  finally 
lowered  in  front  of  each  panel  (figure  3*14  and  3*15),  The 
load  cells  for  the  bottom  floor  were  mounted  in  a  verj 
similar  way* 

The  results  of  the  load  cells  on  the  girders  Indicated 
the  absence  cl  load  in  all  panels*  This  observation  agrees 
with  the  readings  of  SI2  which  is  located  in  the  same  area 
(figure  3«3)*  Due  to  the  small  magnitude  of  the 
displacements  in  this  case  history  the  stress  strain 
properties  of  the  grout  which  a  space  of  only  7*6  cm* 
assumes  great  importance  in  the  lateral  stress  distribution 
a nO  even  more  in  Its  primary  function  which  is  to  transmit 
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FIGURE  3.11  LOAD  CELL  FOR  THE  MEZZANINE 
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FIGURE  3.12  LOAD  CELLS  MOUNTED  IN  PANEL 
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FIGURE  3.13  LOAD  CELL  PANELS 


IN  FRONT  OF 


THE  "L"  SHAPED  BEAM 


■ 
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FIGURE  3.14  LOWERING  A  GIRDER  IN 
OF  A  LOAD  CELL  PANEL 


FRONT 


FIGURE  3.15  GIRDER  IN  THE  FINAL  POSITION 
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the  1 ca  d  to  the  strut. 

The  readings  for  the  bottom  load  cells  confirm  the 
results  of  the  strain  gauges  «here  no  load  was  present  along 
the  bottom  floor* 

Hi  4 _•  4  iumiEJij! 

A  deep  excavation  in  stiff  clays  was  instrumented  with 
the  purpcsetc  cf  registering  lateral  lead  and 
dlsplacementsasscciated  with  the  excavation 

Vertical  ground  movement  was  monitore  by  settlement 

V 

points  which  indicated  the  zere  affected  by  the  excavation 
to  be  reduced  to  the  ncints  situated  at  a  horizontal 
distance  of  approximately  the  depth  of  the  excavation  from 
the  wall.  The  maximum  displacement  occurred  at  points 
situated  11  m  from  the  wall*  The  pile  movements  indicated  a 
maximum  lateral  displacement  of  0,91  cm  a  firm  contact  Is 
provided  between  the  wall  and  the  struts  and  1,4  cm  for  a 
situation  in  which  the  girder  is  not  activated. 

Load  cells  and  strain  gauges  were  installed  in  the 
struts  Indicating  a  load  of  40,000kg  per  linear  meter  slong 
the  axis  of  the  excavation,  at  the  mezzanine  level. 
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4jl JL  1  n-tj^cdyp  t  i  on 

Although  iruch  attention  has  been  devoted  lately  to  the 
importance  ol  stress  paths  in  soils*  the  assumption  that 
stiff  clays  behave  as  linearly  elastic  materials  (Burland 
1977  and  »rotb  1371)  obscured  the  significance  of  the  stress 
path  for  such  materials*  For  predictions  of  settlement  in 
London  Clay*  which  is  the  classical  example  of  stiff  clay* 

Simons  and  Sob  (1969)  concluded  it  is  of  the  utmost 

v 

importance  to  reestablish  the  existing  in  situ  stresses  and 
submit  the  specimen  to  stress  paths  similar  to  the  field 
oond i t ions • 

During  the  preliminary  analysis  for  this  project  it 
became  clear  the  stress  paths  associated  to  excavation 
problems  bear  no  resereh  lance  with  conventional  laboratory 
testing*  As  the  prediction  of  soil  movement  is  considered 
one  of  the  irejcr  goals  of  this  work*  the  laboratory  testing 
will  concentrate  on  the  effects  cf  different  stress  paths  on 
the  stress  strain  parameters* 

A  typical  feature  in  stiff  clays  is  the  presence  of 
fissures  which  makes  the  job  cf  determining  in  situ  strength 
and  stress  strain  parameters  much  more  difficult*  Small 
specimens  are  not  representative  of  the  field  conditions  and 
tend  to  overestimate  the  shear  strength* 

%hen  these  materials  have  their  ir  situ  stresses 
relieved*  they  tend  to  swell,  causing  a  reduction  of  the 
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modulus  of  deformation*  Comparisons  between  different  types 
of  tests  in  London  Clay  indicated  the  moduli  of  deformation 
obtained  from  presgureneler  and  laboratory  tests  to  be 
substantially  smaller  than  the  ones  obtained  from  targe  in 
situ  tests  (  karsland  1965).  Moduli  of  deforinati  on  determined 
from  large  plate  loading  tests  { 865  mm)  were  compatible  with 
ground  movements  for  excavations  and  foundations  t  provided 
that,  after  the  surface  has  bean  machine  finished,  the  first 
50  to  70  mm  are  removed  by  hand  digging  from  the  base  of  the 
borehole  (Marsland  1071, a)*  One  important  factor  to  he 
considered  during  these  tests  Is  the  length  of  time  between 
the  excavation  and  the  performance  of  the  test* 

With  respect  to  the  undrained  strength,  the  results 
from  laboratory  tests  with  samples  large  enough  to  contain 
sufficient  fissures  fell  within  the  values  obtained  from 
large  plate  loading  tests  (  Marsland  1977  ),  while  the  values 
achieved  by  the  pressu reme ter  tests  were  considerably  higher 
(Marsland  and  Randolph  1977)*  Comparative  studies  between 
borehole  and  block  samples  (Ward,  Samuels  and  Butler  1959 
and  Ward  ,Marslard  and  Samuels  1965)  indicated  a  reduction 
In  undrained  strength  and  the  modulus  of  deformation  for 
tube  samples;  the  dominant  reduction  being  observed  on  the 
modulus  of  deformation*  When  a  block  sample  is  taken  from 
the  ground,  the  fissures  open  due  to  the  stress  release  and 
the  material  behaves  like  blocks  of  weakly  bonded  .material* 
Shearing  forces  developed  during  tube  sampling  operation 


weakens  these  bonds  to  a  touch  higher  degree* 
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The  Influence  on  the  undtalned  strength*  when  compared 
to  the  undralned  modulus  of  deforusatiofif  is  less  predominant 
but  still  present*  With  respect  to  drained  strength*  a 
different  behaviour  is  present*  Results  from  large  in  situ 
shear  box  tests*  mere  within  the  range  of  data  from  triaxial 
tests  with  75  and  125  mm  diameter  specimens  (Wars  land 
1871  *a)*  The  same  conclusion  can  be  drawn  from  results  in 
Barton  clay  published  by  Maryland  and  Butler  (1967)* 
Christensen  and  Hansen  ( 1959)  also  encountered  the  same 
trend  for  draineo  strength  data  obtained  from  large  plate 
loading  tests  and  small  triaxial  specimens  in  fissured 
clays*  Drained  strength  parameters  from  laboratory  tests  in 
stiff  fissured  clays  from  Nantlcoke*  Ontario  were  consistent 
with  results  from  field  shear  box  tests(Lo,  Adams  and 
Seychuk  1869)*  There  was  no  definite  tendency  of  the  modulus 
of  deformation  with  the  sample  slice  for  block  samples*  but  a 
pronounced  disturbance  In  borehole  samples  ( lo*  Seychuk  and 
Adams  1971  )  was  observed*  Experience  with  the  local  till 
revealed  no  significant  difference  between  block  samples  and 
borehole  samples  ( Morgenstern  and  Thomson  1970)  with  respect 
to  compressibility  which  was  not  the  case  for  the  stiff 
clays  mentioned  above*  The  fissures  were  observed  to  be 
spaced  30  to  40  cm  apart  randomly  oriented* 

The  predominant  influence  of  the  fissures  in  London 
Clay  causes  an  extremely  pronounced  reduction  in  the 
undrained  shear  strength  and  modulus  of  deformation  from 
borehole  samples  *  when  compared  with  block  samples* 
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Favorable  comparisons  between  laboratory  and  in  situ  testing 
are  encountered  lor  drained  tests.  In  view  of  the  drained 
analysis  being  performed  here  and  the  good  comparisons 
between  block  and  borehole  samples  in  the  area  it  was 
decided  to  embark  on  a  laboratory  testing  program.  In  situ 
shear,  plate  loading  and  pressuremeter  results  would  not 
enable  an  investigation  of  the  stress  paths  observed  in 
excavations*  The  results  from  p ressur erne te r  tests  obtained 
previously  by  Elsensteln  atd  Morrison  (1973)  will  also  be 
used  during  the  analysis  in  chapter  7* 

1jl2  1111 

ib .ZjlI  £&JL£±l££ 

Cubic  block  samples  of  50  cm*  edge  were  extracted  from 
vertical  walls  as  the  excavation  proceeded.They  were 
collected  by  first  removing  the  outside  material  of  the  face 
of  the  excavation  and  sawing  a  prism  of  soil  from  it*  The 
vertical  face  was  then  marked  and  the  blocks  were 
immediately  covered  with  sheets  of  polyethylene  to  prevent 
drying*  The  block  was  then  wrapped  with  cloth  and  a  layer  of 
paraffin  was  applied*  Upon  the  arrival  In  the  laboratory  an 
extra  thick  coating  of  paraffin  wax  was  applied  and  the 
samples  were  stored  In  a  moist  room*  Before  testing,  the 
blocks  were  sawn  in  smaller  blocks  and  trimmed  by  hand  into 
a  cylindrical  shape  (dlanreteT  38  mm)  for  trlaxial  testing  or 
into  a  prism  shape  for  plane  strain  testing*  Some  loss  of 
material  occurred  due  to  presence  of  small  pebbles*  In  these 
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cssps  the  sample  *as  abandoned  since  the  laboratory 
specimens  were  orly  of  3*81  car  diameter*  The  carving  was 
completed  usually  after  30  to  45  minutes* 

4jl2jl2  £h&J:iZ£  irrigation 

Grain  size  analysis  (figure  4*1)  from  3  different 
blocks  Indicated  the  following  result: 


Samp  l  e  # 

%  CL  A  V 

%  S  I  LT 

%  SAND 

1 

26 

33 

41 

2 

27 

35 

38 

3 

24 

32 

44 

The  average  Atterberg  limits  for  this  material  was  35% 
for  the  liquid  limit  and  15*5%  for  the  plastic  limit* 
Extensive  determination  of  moisture  content  before  carving 
the  laboratory  specimens  registered  an  average  of  14%*  The 
specific  gravity  cf  solids  was  2*63* 

4 JL 2-1.2  IxlihSlaJ 

The  great  majority  of  experience  on  stiff  clays 
available  in  the  laboratory  is  related  to  undrained  tests* 
The  determination  of  the  coefficient  of  consolidation 
Indicated  an  average  value  of  0*02  cm2/sec*  Very  little  time 
therefore  is  necessary  for  consolidation*  Field  data 
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FIGURE  4.1  EDMONTON  TILL  GRAIN  SIZE  DISTRIBUTION 
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collected  trcm  slope  indicator  and  settlement  points  showed 
an  insignificant  time  dependent  behaviour*  Experience 
(Eisensteir  and  Thomson*  1978)  from  measurements  in  the 
tunnels  joining  Central  and  Centennial  stations  corroborated 
these  readings*  Eased  on  these  premises  It  was  concluded 
that  drained  tests  best  suit  the  present  field  conditions* 
Rate  of  strains  between  0*035  cm/h  and  0*500  cm/h  were  tried 
without  anj  significant  difference  being  observed*  The  great 
majority  of  the  strain  controlled  tests  were  performed  at  a 
rate  of  0*200  cm/h* 

For  normally  consolidated  soils  the  widely  used 
expression  to  determine  the  at  rest  earth  pressure 
coef f lei ent 

K0  =  l  -  SIM  PHI  )••*•••••...• . . (4*1) 

yields  sufficiently  accurate  results  for  engineering 
purposes*  In— situ  measurements  (Ejerrum  and  Andersen  1972  ) 
and  laboratory  determination  ( Poulos  and  Davis  1S72)  can  be 
used  in  this  type  cf  soil* 

With  respect  to  overconsclldated  soils  Bishop  ( 1958) 
doubts  if  K0  can  ever  te  measured  for  this  type  of  material 
due  to  the  disturbance  the  measuring  device  promotes*  As  KQ 
is  extremely  sensitive  to  release  of  the  in  situ  stresses* 
its  determination  in  the  laboratory  leads  tc  very  erroneous 
results  (Wroth  1975)* 


Correlations  with  other  related  properties  like 
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o v« rc onso 1  id a i ion  ratio  and  the  plasticity  index  proposed  by 
Brooker  and  Ireland  (1865)  and  the  angle  of  shear  resistance 
as  proposed  by  troth  (  lSTF)  provide  reasonable  results*  The 
upper  till  and  the  tee  advance  acted  as  a  preconsolidation 
load  on  the  lower  til  If  while  only  the  ice  was  responsible 
for  the  pr e con so l  Ida t i cn  on  the  upper  till*  Estimative  of 
the  p rec on so l i da t i cn  The  assessment  of  KO  in  the  present 
study  was  based  on  these  two  correlations,  yielding  in  both 
cases  a  value  of  0*85# 

The  samples  were  subjected  to  different  stress  paths 
and  figure  4*2  illustrates  the  stress  paths  being 
investigated  in  this  project* 

—  passive  compression  conventional  test  in  which  the 
vertical  stress  is  increased  while  the  lateral  stress  is 
kept  cons  ton  t • 

—  £c_t  j_v e  coffcressl  on  test  in  which  the  lateral  stress  is 
reduced  while  the  vertical  stress  remains  constant* 

—  act ) y e  extension  the  lateral  stress  remains  constant 
while  the  vertical  stress  is  reduced* 

—  ppQportional-active  the  sample  initially  has  horizontal 
and  vertical  stresses  reduced  along  the  KO  line  and  in 
the  latter  part  the  vertical  stress  remains  constant 
while  the  horizontal  stress  is  reduced* 


iitl  the  exception  of  the  passive  compression  tests, 


all  of  them  were  perform ed  under  stress  controlled 
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PC  passive  compression 
AE  active  extension 

AC  active  compression 

PAC  prop. -active  compression 


FIGURE  4.2  LABORATORY  STRESS  PATHS 


7  8 


cond 1 tlons* 

fas^ivf  cojfjjxe^sion 

During  these  tests  the  samples  wert  first  submitted  to 
an  isotropic  compression  slightly  hip  tier  t  1 0#  )  than  the 
overburden  pressure.  The  vertical  stress  was  gradually 
increased  without  any  change  in  the  lateral  stress.  This  is 
the  commonly  used  trlaxial  test.  Its  results  will  be  used  to 
compare  it  with  the  nonconven  t  iona  l  stress  paths  encountered 
in  the  preliminary  analysis.  The  points  In  the  graphs 
represent  laboratory  measuring  points,  while  the  curve 
stands  for  hyperbolae  fitted  to  the  results.  Some  of  the 
results  are  in  figures  4.3  to  4.tl. 

The  angle  oi  shearing  resistance  observed  was  40.1  and 
the  strain  to  failure  within  the  range  from  3$  to  4%.  At  the 
early  stages  cf  the  stress  strain  curve  a  decrease  in  volume 
is  observed  ,  whereas  at  a  later  stage  the  sample  increases 
in  volume,  e  behaviour  typical  of  dense  sands  and 
overconsolidated  clays. 

£±2jl2±2  Act  lye 

This  type  of  stress  path  is  experienced  by  points 
situated  beside  the  retaining  wall.  It  was  simulated  in  the 
laboratory  by  a  reduction  in  the  confining  stress  and  a 
simultaneous  increase  in  the  axial  load  to  compensate  for 
the  relief  of  the  cell  pressure.  Because  of  the  reduced 


value  of  the  axial  strain  at  failure,  It  was  very  difficult 
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TEST  18-5 


COMPRESSION  SI0Mfl3=l .540 


FIGURE  4.3  PASSIVE  COMPRESSION  TEST  EDMONTON  TILL 
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TEST  18-7  COMPRESSION  SIGMR3=l-890 


FIGURE  4.4 


PASSIVE  COMPRESSION  TEST  EDMONTON  TILL 
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FIGURE  4.5 


PASSIVE  COMPRESSION  TEST  EDMONTON  TILL 


DV/Vm  DEV  ST (  KG/CM2  ) 
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EPSILON  1 ( X ) 


TEST  18-18 
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COMPRESSION  S I GMR3=2 .765 


FIGURE  4.6  PASSIVE  COMPRESSION  TEST  EDMONTON  TILL 
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TEST  18-19  COMPRESSION  SIGMR3=3.045 

FIGURE  4.7  PASSIVE  COMPRESSION  TEST  EDMONTON  TILL 
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TEST  18-21  COMPRESSION  SIGMA3=3.360 


FIGURE  4.8  PASSIVE  COMPRESSION  TEST  EDMONTON  TILL 
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COMPRESSION  SIGMR3=Z590 


FIGURE  4.9 


PASSIVE  COMPRESSION  TEST  EDMONTON  TILL 
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TEST  18-14  COMPRESSION  SIGMR3=2.240 


FIGURE  4.10  PASSIVE  COMPRESSION  TEST  EDMONTON  TILL 
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TEST  18-15  COMPRESSION  SIGMR3=2.065 


FIGURE  4.11  PASSIVE  COMPRESSION  TEST  EDMONTON  TILL 
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to  depict  tte  exact  point  cf  iuilure.  As  the  material  was 
not  saturated  the  volume  change  had  to  be  monitored  by  the 
arrount  of  liquid  flowing  in  or  cut  of  the  cell*  A 
calibration  of  the  volume  change  of  the  cell  with  the 
confining  stress  was  made,  but  the  very  reduced  volume 
change  of  the  specimen,  especially  in  this  type  of  stress 
path,  made  the  correcticn  for  the  expansion  of  the  cell  much 
greater  than  the  volume  change  of  the  soil*  In  this  series 
of  tests  the  samples  were  consclidated  isotropically*  Stress 
strain  curves  in  figure  4*12  to  4*16  indicate  failure 
occurred  at  values  of  axial  strain  from  0*35#  to  G*50$, 
which  represents  a  sianil  leant  reduction  from  the  passive 
compression  t e s ts • Hype r tola e  were  also  fitted  to  the  stress 
strain  curves* 

AaJL*  3^3  U^ioedjjj^  rp  load|n^ 

These  tests  were  performed  with  a  dual  purpose*  First 
the  use  of  the  e l a s t op l a s t 1 c  model  to  foe  explained  in 
chapter  5  required  the  unload  1  re-reload ing  modulus  of 
deformation  and  second,  moduli  of  elasticity  determined  from 
the  reloading  part  in  large  plate  loading  tests,  besides 
exhibiting  a  much  lower  scatter  of  values,  are  in  very  close 
agreement  with  the  in  situ  values  determined  from  field 
observation  (Garland  1871)*  These  results  must  be  closer  to 
the  reloading  part  of  large  plate  loading  tests*  The  stress 
strain  curves  are  in  figures  4*17  and  4*18* 
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TEST  18-23  SIGMR3  2-275 


FIGURE  4.12  ACTIVE  COMPRESSION  TEST  EDMONTON  TILL 
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TEST  18-24  SIGMA3  2-80 


FIGURE  4.13  ACTIVE  COMPRESSION  TEST  EDMONTON  TILL 
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TEST  18-25  SIGMA3  2.10 


FIGURE  4.14 


ACTIVE  COMPRESSION  TEST  EDMONTON  TILL 
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TEST  18-26  SIGMR3  1 -925 


FIGURE  4.15 


ACTIVE  COMPRESSION  TEST  EDMONTON  TILL 


DEV  STR(KG/CM2) 


93 


o 


TEST  18-27  SIGMFI3  2.45 


FIGURE  4.16 


ACTIVE  COMPRESSION  TEST  EDMONTON  TILL 
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TEST  18-12  UNLORD-RELORD  SIG3=1.89 


FIGURE  4.17  UNLOADING  RELOADING  TEST  EDMONTON  TILL 
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TEST  18-13  UNLO AD-RELGflD  SIG3=2-24 


FIGURE  4.18  UNLOADING  RELOADING  TEST  EDMONTON  TILL 
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TEST  18-20  UNLOAD-RELGAD  SIG3=2.59 


FIGURE  4.19  UNLOADING  RELOADING  TEST  EDMONTON  TILL 
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TEST  18-11  UNLGRD-RELORD  S  I  G-3=  1  -  54 


FIGURE  4.20  UNLOADING  RELOADING  TEST  EDMONTON  TILL 
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4 . 2  .  4  Pjl  an*  strain 

Tn  order  to  simulate  as  closely  as  possible  the  actual 
fleidstress  conditions »  a  plane  strain  apparatus  was 
designed  and  constructed  for  this  project.  Details  of  the 
equipment  ore  in  appendix  B. 

4_.2_t4_il  f_as.sj.ye  j£Oj£i3Jlg^-al on 

The  samples  were  subirited  to  vertical  and  lateral 
stresses  slightly  higher  than  the  overburden  pressure.  The 
vertical  stress  was  Increased  until  failure,  without  change 
In  the  lateral  stress.  The  results  are  in  figure  4.21  to 
4.24  •  Specimen  PS2  tailed  at  the  contact  between  the 
typical  Edmonton  till  and  an  extremely  silty  material 
encountered  where  this  block  was  taken.  The  results  from  the 
other  3  tests  indicated  an  angle  of  sheering  resistance  of 
46.5  degrees. 

4 . 2.4.2  Active  compress  ion 

The  samples  in  this  type  of  test  are  supposed  to  be  as 
close  as  possible  to  the  field  conditions  and  therefore  were 
consolidated  anisotroplcally  with  the  ratio  between  th« 
principal  stresses  of  0.85.  Figures  4.25  and  4.26  show  the 
stress  strain  curves  for  these  tests. 

±il2±I>  Suroma  ry 

Plane  strain  tests  performed  by  Lee  (1970)  on  dense 
sand  indicated  an  increase  of  8  degrees  in  the  angle  of 
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FIGURE  4.21  PASSIVE  COMPRESSION  TEST  IN  PLANE  STRAIN  EDMONTON  TILL 
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PS2  PL  STRAIN  SIG3=2-10 


FIGURE  4.22  PASSIVE  COMPRESSION  TEST  IN  PLANE  STRAIN  EDMONTON  TILL 
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PS3  PL  STRAIN  SIG3=2-45 


FIGURE  4.23  PASSIVE  COMPRESSION  TEST  IN  PLANE  STRAIN  EDMONTON  TILL 
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PS4  PL  STRAIN  SI  03=1  .925 


FIGURE  4.24  PASSIVE  COMPRESSION  TEST  IN  PLANE  STRAIN  EDMONTON  TILL 
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PS7  PL  STRAIN  S I G3= 1 -726 


FIGURE  4.25  ACTIVE  COMPRESSION  TEST  IN  PLANE  STRAIN  EDMONTON  TILL 
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PS9  PL  STRAIN  SIG3=2-205 


FIGURE  4.26  ACTIVE  COMPRESSION  TEST  IN  PLANE  STRAIN  EDMONTON  TILL 
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shearing  resistance  compared  to  triaxiol  tests,  fcr  lo« 
values  of  corf  Inins  stress*  For  the  Edmonton  till  an 
increase  of  f*5  Cegrees  was  encountered,  *hich  still 
represents  a  significant  difference  in  terms  of  shear 
s t r en a t h • F 1  £ u r e  4*29  illustrates  the  shear  strength  results* 
Comparing  the  stress  strain  behaviour  cne  con  write  for 
linearly  elastic  material: 


_m(  Ao^ 


(4.2) 


For  triaxiol  passive  compression 
1 ntermorilafc  and  minor  principal 
thereto re 


tests  the  change  in  the 
stresses  is  the  same  , 


Ae1  =  _L  Acr, 


and  tor  plane  strain 


(4.4) 


For  passive  compression  we  can  write 
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o  r 


(  4.5  ) 


where 


(4.6) 


Equation  4.6  relates  tie  tangent  of  the  stress  strain 
curves  In  trlaxlal  and  plane  strain  tests.  Figures  4.27 
makes  a  comparison  between  the  tangent  moduli  of  deformation 
to  evaluate  the  validity  of  equation  4.5.  The  curves  drawn 
represent  the  values  ottained  from  the  hyperbolae  fitted  to 
the  laboratory  results.  Lee  (  l S 7 0  )  encountered  a  ret  io 
Fp/Ft=l . 4  while  tie  theoretical  expression  indicated  it  to 
he  1.05.  For  the  Edmonton  till  the  theoretical  expression 
indicates  the  ratio  of  1.25  where  the  average  value 
encountered  was  1.55.  Eifferert  values  of  Poisson  ratio  do 
not  change  significantly  this  conclusion.  For  a  Poisson 
ratio  of  0.5  the  ratio  would  he  1.33  and  e  Poisson  ratio  of 
0.3  reduces  the  ratio  tc  1.1  which  still  represents  a  a 
departure  from  the  value  of  1.55  obtained  f  •‘oir  the 


laboratory  tests 
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a  -  a 

1  3 

(kg/cm2 ) 


FIGURE  4.27  COMPARISON  BETWEEN  MODULUS  OF 
DEFORMATION  FROM  TRIAXIAL  AND  PLANE  STRAIN 


IN  PASSIVE  COMPRESSION 
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The  irodulus  of  deformation  obtained  from  triaxial 
active  compression  exhibits  a  significant  difference  when 
compared  with  results  iron  triaxial  passive  compression 
tests*  (Figure  4*28)  Vertical  strain  to  failure  is  very  much 
reduced  in  active  compression  tests*  It  Is  therefore 
reasonable  tc  expect  a  reduction  of  the  modulus  of 
deformation  when  comparing  conventional  triaxial  tests  with 
field  observation  in  excavations*  A  similar  comparison  was 
not  possible  with  plane  strain  results  since  the  active 
compression  “testa  were  consolidated  anlsotropicallyf 
therefore  starting  from  a  stress  level  much  higher  than 
isotropically  ccrsclidated  tests* 

A  relationship  of  the  type 


<  4.7  ) 


El  is 
K  and 

n  a  is 


the  initial  modulus  of  deformation 
n  are  material  constants 

is  the  confining  stress  and 
the  atmospheric  pressure 


wr  a 


not  verified  fcr  this  naterial* 
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FIGURE  4.28  COMPARISON  BETWEEN  MODULUS  OF 
DEFORMATION  FROM  PASSIVE  AND  ACTIVE  COMPRESSION 


TESTS  IN  TRIAXIAL 


no 
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FIGURE  4.29  SHEAR  STRENGTH  ENVELOPE  EDMONTON  TILL 
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Although  this  material  car  rot  be  assigned  a  single 
value  for  the  nodulus  of  deformation*  as  it  is  usually  done 
for  stiff  clays*  the  active  compression  results  were  closer 
to  the  pressuremeter  results  from  Eisenstein  and  Vorrlson 
( 1973)*  For  a  hollow  cylinder  with  internal  and  external 
pressure  *  the  equilibrium  equation  in  the  radial  direction 
for  polar  coordinates  in  terms  of  stress  *  assuming  no  body 
forces  1 


<D  r 


♦ 


=  0 


(-4,8) 


where 


ur 

i  s 

the 

radial  stress 

% 

is 

the 

tangential  stress 

r 

1  s 

t  he 

rad  i  u  s  « 

The  solution 

1  n 

plane 

strain  for  the  iollowirg  boundary 

condition 


tfr  =  P,  — °  r=r, 

=  ^2  '  ^  r  =  r2 


is 


' 
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(  Pa  ~  P  J  5  r2  ‘“.9) 

(  Ra "  Pf )  ri  r2  (4*,0> 

2  1  2  2 
r  (  %  "  ri 


For  an  extreitely  large  R2 


Vp b[u 


....14.11) 


....(4.12  ) 


For  a  ooinl  at  a  distance  r  Iron  the  center 


1  1  3 


are  constants,  therefore  It  can  he  written 


for  an  increment  in  the  Internal  pressure  corresponds 
incremen  ts 


A  °V  =  K3  A  P) 


which  when  plotted  in  principal  stress  space  indicates  a 
=  t  r  e  s  s  path  of  the  type  cf  flcure  4*30  »  which  does  not 

correspond  to  any  of  the  laboratory  tests  performed* 

For  small  stress  levels  one  can  separate  the 
contribution  from  the  Isotropic  stress  component  and  one 
from  1 1,  e  deviator  stress  component*  In  conventional  triaxial 
tests  (figure  4*30)  both  are  increasing  therefore  the  total 
strain  will  have  contributions  from  both  stress  components* 
Tn  active  compression  tests  there  is  an  increase  in  the 
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conventional  triaxial 


3 


FIGURE  4.30  STRESS  PATHS  IN  LABORATORY  AND  FIELD  TESTS 
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dev]  e  tor  s*ress  and  a  decrease  in  the  isotropic  stress 
component*  therefore  the  vertical  strain  will  represent  the 
difference  between  their,  which  obviously  will  increase  the 
modulus  of  deformation*  Curing  the  pressure®* ter  test  there 
is  only  the  cortributicn  from  the  deviator  stress  ( figure 
4*30).  The  modulus  of  de  f  o  rasa  f  i  on  should  then  be  greater 
than  conventional  triaxial  and  smaller  than  active 
c  (impress  ion* 

Values  of  moduli  of  deformation  from  unloading, 
reloading  tests  were  net  affected  by  the  confining  stress. 
For  confining  stresses  of  1*89,  2*24  and  2*59  kg/cm2  they 
were  found  to  be  1550*  ,1450*  and  1680*  kg/ cm2  respectively* 

To  conclude  this  section  ,  it  is  evident  from  the 
laboratory  results  the  stress  path  dependency  can  not  be 
neglected  in  the  determination  of  moduli  of  deformation  even 
for  stiff  soils,  and  an  expressive  non  linearity  of  the 
stress  strain  relationship  is  present* 


Tables  4*1  to  4*4  summarize  the  test  results 
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IABLF  4.1 


Hyperbol ae  parameters  tor  trlaxial  passive  compression  tests 


conf.  stress  (kg/cir.2)  a  b 


1  .54 

.  229 

.095 

1.89 

.  106 

.09  2 

1 .65 

.206 

.073 

i  *  82 

.118 

.095 

2.2  4 

.  148 

.002 

2.  C7 

.  137 

.020 

2.42 

.  113 

.023 

2.59 

.  C79 

.054 

2.77 

.  173 

.068 

3.05 

.090 

.08  8 

3.36 

.074 

.081 

c  to. 

coo. 

►ao . 

I 


*  .  t 

68*1 


►ro. 


8d  •  1 

.  I 

K*S 

3  . 

<  3  •  C 

1  1  7 


T  A 13  L  E  4  .  2 


Hyperbolap  paraiflfltpfs  for  trlaxial  active  compression  tests 


stress  (  kg/crr2  ) 

a 

b 

2*28 

.  041 

.364 

2.80 

.037 

.37  3 

2.  10 

.093 

.  505 

1.93 

.122 

.485 

2.45 

.  046 

.449 
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TABLE  4.3 


Hyperbolae  parame  ters  for  plane  strain  posplve  compression 

tests 


tress  (  kg/cir2  ) 

a 

b 

1.75 

.086 

.088 

2.10 

.  155 

.163 

2.45 

.07  4 

.07  2 

1.  S3 

.084 

.081 

TABLE  4.4 

Hyperbolae  parameters  for  plane  strain  active  compression 

tests 


conf*  stress  (  kg/citi2  )  a 


b 


1.73 


.080  .248 


2.21 


.  C64 


.229 


£T0. 

I  <40. 


d*  0. 

t  r 


(  S«')\ll  )  *»*•«**  •  tf»03 

sr*i 

ot. £ 

i  •  £ 

C9.I 


§»»%**  ri-  .  ino*» 


1  £  •£ 
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As  the  bottom  of  the  excavation  is  above  the  sand 
layer,  a  small  excavation  had  to  be  made  tc  allow  the 
collection  of  some  block  samples.  Sharp  edged  metal  boxes 
were  gently  pushed  In  the  ground  by  hand  while  the  lower 
part  was  being  carved.  The  samples  were  immediately  wrapped 
in  a  polyethylene  sheet  and  waxed.  In  the  laboratory  the 
metal  boxes  were  opened  up  by  removing  the  metal  screws 
Joining  the  sides.  The  samples  wore  then  covered  with  a 
thick  coating  cf  wax  and  stored  in  the  moist  room.  At  the 
time  of  testing  the  wax  was  removed  and  the  blocks 
transported  to  a  cold  room  with  the  temperature  of  —5 
degrees  Centigrade  to  be  frozen.  Due  tc  the  reduced  degree 
of  saturation  the  specimens  were  not  successfully  carved  and 
most  of  then,  cracked  during  this  operation.  An  alternate 
procedure  consisted  of  carving  the  samples  gently  In  a  still 
unfrozen  state  and  transporting  them  to  the  cold  room.  A 
small  amount  of  water  was  then  sprayed  to  provide  a  very 
thin  outside  crust  of  ice  enabling  the  placement  of  the 
rubber  membrane.  Tbe  triaxial  cell  with  the  sample  inside 
was  removed  from  tbe  cold  room  and  immediately  filled  with 
water  followed  by  the  application  of  confining  stress.  Cue 
to  the  very  delicate  nature  of  the  sample  it  was  not 
possible  to  carv<=  specimens  with  the  shape  required  by  the 
plane  strain  apparatus.  All  the  stress-strain  relationships 
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were  obtained  with  the  vise  of  the  triaxial  equipment* 

}.\.ua.2  Chjxiciijr  ±Z*A±<>ri 

Grain  size  analyses  (figure  4*31  >  indicate  the  presence 
of  35%  sand  and  5%  silt  and  clay*  Most  of  the  groins  »ere 
under  the  Kediuai-grained  sand  size  range*  The  coefficient  of 
uniformity  of  2  resulting  in  a  classif icaticr  of  soil  type 
SP*  Disturbed  boreiole  samples  taken  from  the  lower  part  of 
the  sand  layer  Indicated  the  presence  cf  some,  gravels*  The 
average  moisture  content  of  the  laboratory  samples  was  5% 
with  a  degree  of  saturation  of  28% •  Its  unit  weight  was  1*87 
g/cc  and  thespecific  gravity  cf  soils  of  was  2*67* 

2jl2jl2  Trl.axi.al 

Due  to  the  extreme  difficulty  in  obtaining  intact 
samples  and  because  of  some  loss  during  laboratory 
preparation,  a  limited  number  of  tests  was  performed*  The 
scatter  of  the  results  was  not  as  pronounced  as  the  cues  in 
the  till  and  allowed  the  definition  of  the  required 
properties  with  only  8  tests* 

Passive  jCom£Jlg.§sion 

Four  compression  tests  yielded  an  angle  of  shear 
resistance  of  40*5  degrees*  The  strain  et  failure  around  3% 
was  observed*  The  fitting  of  an  hyperbola  was  not 
satisfactory  especially  at  stress  levels  approaching 
failure*  The  samples  were  consolidated  isotropically  to  the 
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Groin  Siz*  —  Millimetres 


FIGURE  4.31 


SASKATCHEWAN  SANDS 


GRAIN  SIZE  DISTRIBUTION 


■ 


12  2 


overburden  value*  Figures  4*32  to  4*35  show  the  results  of 
the  tests  in  this  phase* 

2jl2  Ac  Jive 

The  samples  were  consolidated  an i s o t rop  i  ca l  l  y  with  a 
ratio  of  0*36  between  the  principal  stresses*  which  was 
obtained  using  equation  4*1*  An  adaptation  had  to  be  dene  on 
the  top  cep  to  allow  the  application  of  tension  in  the  rod* 
Strain  to  failure  was  observed  at  values  of  0*9%  which 
represents  a  major  reduction  from  the  compression  passive 
results*  Figures  4*36  to  4*38  shows  the  results  of  these 
tests* 

4  *  3  *  3  *  3  Proportional  apt  1  v  e  congress Ion 

Due  to  reduced  number  of  elements  submitted  to  this 
stress  path  only  one  test  was  performed  in  this  phase*  The 
sample  was  Initially  consolidated  an Isotropically  followed 
by  a  simultaneous  reduction  in  both  principal  stresses  at  a 
constant  ratio  and  finally  a  reduction  in  the  minor 
principal  stress  as  in  the  compression  active  tests*  Figure 
4*39  illustrates  the  stress  strain  curve  obtained* 

-4-i3_*4  Svyr  m  aj;^ 

A  significant  difference  exists  between  the  modulus  of 
deformation  in  passive  and  active  compression  and  extension 
tests*  Although  is  it  difficult  to  draw  a  parallel  between 
the  laboratory  results*  due  to  the  fact  that  the  passive 
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FIGURE  4.32  PASSIVE  COMPRESSION  TEST  SASKATCHEWAN  SANDS 


DV/Vm  DEV  STR (  KG/CM2  ) 


FIGURE  4.33  PASSIVE  COMPRESSION  TEST  SASKATCHEWAN  SANDS 


DV/VU)  DEV  STR(KG/CM2) 


125 


FIGURE  4.34 


PASSIVE  COMPRESSION  TEST  SASKATCHEWAN  SANDS 
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FIGURE  4.35 


PASSIVE  COMPRESSION  TEST  SASKATCHEWAN  SANDS 


DEV  ST  (  KG-/ CM2  ) 
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TEST  SSG5  S I G3= 1  -  733  EXTENSION 


FIGURE  4.36  ACTIVE  EXTENSION  TEST  SASKATCHEWAN  SANDS 


DEV  ST ( KG/CM2 ) 
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TEST  SSG7  S  I  G-3  =  2  -  205  EXTENSION 


FIGURE  4.37  ACTIVE  EXTENSION  TEST  SASKATCHEWAN  SANDS 


DEV  ST ( KG/C M2 ) 
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TEST  SSG-6  SIG3=1.969  EXTENSION 


FIGURE  4.38  ACTIVE  EXTENSION  TEST  SASKATCHEWAN  SANDS 
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FIGURE  4.39  PROPORTIONAL  ACTIVE  COMPRESSION  SASKATCHWAN  SANDS 
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■tests  started  with  a  ratio  of  1  between  the  principal 
stresses  and  the  extension  tests  started  with  0#36,  figure 
4*40  the  difference  between  the  moduli  of  deformation. 

During  a  conventional  triaxiai  test  the  sample  is  being 
loaded  from  the  beginning  of  the  test  while  in  extension 
tests  initially  both  isotropic  and  deviator  stress 
components  are  reduced  until  the  isotropic  axes  are  reached, 
then  the  deviator  component  starts  is  increased#  This 
condition  stands  for  an  expressive  reduction  in  the 
prediction  of  deformation  when  compared  with  active 
extension  results  which  predominantly  occur  at  the  bottom  of 
the  excavation# 

The  angle  of  shearing  resistance  remained  the  sane  for 
different  stress  paths,  which  was  expected  since  this  is  a 
cohesionless  sell# 

A  smaller  strain  tc  failure  was  observed  for  active 
extension  tests  indicating  a  much  earlier  mobilization  of 
the  shear  strength  compared  to  the  results  of  the 
conventional  triaxiai  test# 

A  complete  evaluation  of  the  influence  of  the  stress 
path  obtained  here  car  only  be  appreciated  by  a  comparison 
of  the  field  measurement s  with  the  analysis  supported  by  the 
stress  strain  representation  observed  here# 

Due  to  the  already  expected  limited  movement  around  the 
excavation,  the  early  portion  of  the  stress  strain  curve 
should  play  a  major  role  In  this  case  history#  The  initial 
tangent  modulus,  either  lor  sands  or  the  Edmonton  till, 
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GURE  4.40 
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bp  ing  much  higher  when  following  "the  suggested  stress  path 
as  compared  to  conventional  tests,  one  should  expect 
considerably  less  movement  than  analysis  based  on  results 
from  conventional  triaxial  tests.  Expensive  large  plate 
loading  tests  cr  in  situ  shear  nay  not  represent  field 
conditions  if  the  stress  path  has  such  a  dominant  influence* 
With  respect  to  the  lateral  stress  distribution,  it 
seems  the  retaining  structure  can  count  on  a  much  more 
significant  contribution  from  the  surrounding  ground, 
therefore  reducing  the  total  load  to  be  carried.  Expensive 
large  plate  loading  tests  cr  in  situ  shear  may  not  represent 
field  conditions  if  the  stress  path  has  such  a  dominant 
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5.  CCNST  ITUT  IVE  MODEL 


5«  I  Introdyctjon 

The  most  usual  type  of  analysis  of  stress  and  strains 
in  Geotechnical  Engineering  consists  of  acquiring  the. 
stress— strain  parameters  from  conventional  triaxial  tests 
where  the  deviator  stress  is  Increased  up  to  failure,  with 
the  confining  stress  held  constant*  The  continuum  mechanics 
framework  being  pursued  here  so  far  consists  of  the  use  of 
the  generalized  Hooka's  Law  with  the  soil  stress  strain 
parameters  obtained  from  laboratory  tests  under  different 
stress  paths*  The  stress  paths  followed  in  the  laboratory 
aim  to  be  representative  of  the  field  conditions  and 
therefore  the  different  behaviour  exhibited  by  the  soil 
under  distinct  stress  paths  should  be  depicted*  Linked  with 
this  approach  ere  the  hypotheses  associated  with  Hooke's 
Law*  The  most  important  of  then  is  with  respect  to  the 
principal  axes  of  strain  increments;  principal  axes  cl 
strain  increment  coincide  with  principal  axes  of  stress 
Increment  which  implies  no  volume  change  due  to  shear 
stress*  Laboratory  tests  in  cohesionless  soil  (Lade,  1972) 
exhibited  coincidence  of  the  axes  of  strain  and  stress 
increments  at  low  level  of  stresses  and  coincidence  of 
strain  increments  and  total  stresses  at  high  level  of 
stresses*  It  therefore  can  be  concluded  there  is  a 
predominancy  of  elastic  strains  at  the  early  stages  of  the 
stress  strain  curve, with  a  gradual  shift  to  a  situation 
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where  the  plastic  strains  beer  ire  more  important  as  failure 
is  approached*  In  this  chapter  a  constitutive  model  able  to 
represent  the  behaviour  of  the  soil  for  all  stress  levels 
and  different  stress  paths  for  sands  will  have  its 
application  evaluated  for  the  Edmonton  till* 

Ko  and  Scott  ( 1067  )  and  Frydman  and  Zeitlen  (  1969  ) 
separated  the  total  strain  into  volumetric  and  shear  strain 
components*  The  former  is  caused  by  the  isctrcplc  component 
of  stress  and  the  later  by  the  deviatoric  part*  The  total 
strain  is  determined  by  superposition*  This  approach  proved 
to  be  rewarding  whenever  there  was  no  slippage  between  the 
grains*  which  causes  an  irrecoverable  deformation.  Different 
stress  paths  can  therefore  be  analysed  using  this  procedure 
for  situations  involving  unloading  and  reloading*  During 
primary  loading  the  grains  slide  one  with  respect  to  the 
other  causing  plastic  strains*  Perfect  plastic  idealization 
however*  has  been  proved  to  be  unsuitable  for  frictional 
materials  (Drucker*  1952  *1961  and  1964  and  Cracker,  Gibson 

and  Henkel*  1957)*  The  Cam  Clay  model  (Roscoe*  Schofield  and 
Thuralrajah  1963,  Foscce*  Schofield  and  Wroth  1958  and 
Roscoe  and  Burlanrt  1968)  calculates  separately  elastic  and 
plastic  strains*  The  Cam  Clay  model  predicts  accurately 
results  in  normally  consolidated  clays  for  stress  paths 
which  do  not  include  expansion  (Roscoe  and  Poorooshasb 
1963)*  During  the  development  of  Cam  clay  stress  strain 
theory  it  is  assumed  a  unique  relationship  between  the 


moisture  content  and  the  stress  parameters  £  (11/3)  and  jg 
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(SIGl— SIGO)  *Mch  therefore*  excludes  situations  involving 
expansion  which  is  the  case  of  the  Edmonton  till  (Chapter 
4  ). 

An  elastoplestic  model  which  a cc ommoda te e  volumetric 
expansion  in  shear  has  teen  developed  toy  Lade(1972)  tc  study 
loose  and  dense  sands*  This  model  has  been  substantiated  toy 
accurate  predictions  of  strains  under  different  stress  paths 
(Lade  and  Euncan  1976)*  A  further  refinement  in  the  model 
improved  the  results  for  strain  softening  cohesicnless 
material  (Lade  1975)  and  extendeo  the  study  to  normally 
consolidated  clays  (Lade  and  Siusante  1976  )* 

In  this  chapter  an  evaluation  of  the  applicability  of 
Lade*s  model  in  its  initial  form  (1972)  for  the  Edmonton 
till  will  Jbe  carried  out*  The  required  parameters  will  be 
obtained  f  r  cm  ccnventional  triaxlal  tests  described  in 
chapter  4*  Based  on  them,  the  strains  observed  in  trlaxial 
active  compression  tests  also  described  in  chapter  4  will  be 
compared  with  the  ones  predicted  by  the  model*  If  this 
approach  proves  to  be  successful,  there  are  two  major 
advantages  when  compared  to  a  stress  path  simulation*  First, 
the  fact  that  it  considers  both  elastic  and  plastic  strains 
with  a  predominancy  of  the  elastic  one  at  low  level  of 
stress  and  the  plastic  one  close  to  failure  permits  a  change 
of  the  strain  increment  direction  with  the  some  constitutive 
model*  Second,  It  dismisses  the  necessity  of  performing 
tests  with  different  stress  paths  to  simulate  field 


cond  It  ions 
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The  total  strain  Increment  is  divided  into  elastic  and 
plastic  components!  each  one  being  treated  separately* 

The  elastic  strain  is  calculated  from  Hooke1*  la*  using 
the  unload  in®  reloading  modulus  as  suggested  hy  Duncan  and 
Chang  (  197C)  with  the  use  of  the  expression  : 


l  o  •  1  ) 


where 


Kur  and  n  are  material  constants 
pa  is  the  atmospheric  pressure 
is  the  confining  stress 


For  the  plastic  strain  increment  ♦he  measure  ol  the 
stress  level  is  defined  as  a  function  of  the  iirst  anti  third 
in  variants  as  : 


(5*2) 


. 
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The  yield  surfaces  are  represented  by  Z 


(  5.  J  ) 


where  .K  is  a  work-hardenina  parameter  which  represents  the 
maximum  stress  level  ever  experienced  by  the  soil*  Changes 
of  stresses  lying  inside  the  yield  surface  will  cause  only 
elastic  strains*  T1  the  change  in  stress  crosses  the  yield 
surface  the  material  will  deform  plastically  and  elastically 
and  the  yield  surface  will  expand* 

The  plasfic  potenfial  function  incorporated  in  the 
theory  Is  expressed  as  Z 


g 


(5  .A) 


where  K2  is  a  constant  for  any  given  value  of  f  •  The 
u^e  of  an  associated  flow  rule  leads  to  values  of  volumetric 
expansion  much  higher  than  observed  in  laboratory 
experiments  ( Drucker  1864*  Poorooshash»  Holubec  and 
Sherborne  1966 t  Ko  and  Scott  1967  and  Lade  and  Duncan  1873) 

*  indicating  the  normality  condition  was  not  satisfied* 

The  plastic  strain  increment  is  derived  from  a  non 


associated  flow  rule 


1 3‘J 


Aef,  =  A  A  M- 

'J  7>cf.  • 

u  \  j 


(5*5) 


where 


AA 


Is  a  factor  cf  proportionality.  It  must  be 


noted  that  contains  a  parameter  J^2  (  e  q  •  5*4)  which  is  a 

function  of  the  stress  level*  but  the  partial  derivative  is 
to  indicate  the  value  of  K 2  is  to  be  considered  constant* 
The  use  of  equations  5*4  and  5*5  expresses  the  plastic 
strain  ircrements  as  Z 


A€Px  =  A  A  K2 
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Ae  =  O'  X  ~XX 
xy  z  xy  yz  zx  _ 


AA  K 


(  5  •  6  ) 


K  2  is  determined  by  using  the  ratio  Z 


-  V 


P  A  € 


p 

3 


A  e 


whichf  solving  for  J {2,  t  yields 


2  f  P  1 
3  I A  1  +v 

) 


lo.7) 


Uslnp  equation  5.7  from  triaxial  compression  tests  Lode 
(  1  975  )  encountered  a  linear  relationship  between  K2  and  the 
stress  level  of  the  form  Z 


^2  "  ^ f  ^2 


(  5.  s  ) 


0 


1  u 


where  A1  and  A2  are  material  ccrstants*  Ihe  plastic  work 
increment  is  calculated  from; 


where 


(  5 .  S  ) 


.•••(5.10) 


wi  icht  substituting  into  5*10 


» 
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dwp--i  A  3[  I3,  -  Ka  I3  ] 


••••(Sail) 


where  rf’#p  is  the  increment  In  plastic  work  due  to  an 
increase  in  stress  level  d_f  • 

Results  froir  conventional  laboratory  testing  indicated 
the  relationship  between  the  plastic  work 


can  be  approximated  b  >  an  hyperbola* 


f  ~  ft  =  .  WP 

a  +  b  Wp  . 


••••(5*12) 


14  3 


whe  re 


—  ft  is  a  value  of  the  stress  level  up  to  which  plastic 
work  does  rot  occur;  the  strains  up  to  this  point  ore 
purely  of  elastic  nature.  This  was  called  the  threshold 
stress  level. 

—  q  and  h  are  the  parameters  which  define  the  hyperbola. 

The  Inverse  of  3  represents  the  initial  slope  of  the 
curve  Wp  versus  f  and  its  variation  is  expressed  as  : 


a 


pa 


•  •  •  • 


(5.13) 


where 


M  and  l  are  the  material  constants 


pe  is  the  atmospheric  pressure 


is  the  confining  stress. 


The  inverse  of  J2  represents  the  value  f— ft  approaches 


at  large  magnitudes  of  the  plastic  work.  From  the 


differential  cl  5.12 
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w  h  ere 

-  f  is  the  average  value  cf  the  stress  level  during  the 
1  ncremen t 

—  df  Is  the  increment  on  the  value  of  the  stress  value  • 

If  df<C  ,  only  elastic  strains  will  occur# 

JLsJjPXiSJ  saline  X-l  lie  ej..e  s_t  c  fla  st.j.Q  J2£jr  ajne_te  rs 
For  the  elastic  pertion  of  the  straint  unloading 
reloading  tests  described  in  chapter  4  were  performed#  They 
have  indicated  a  very  narrow  variation  of  the  modulus  of 
deformation  (Fur)  for  the  range  cf  confining  stresses 
between  1*54  kg/ctr2  and  2#60  ke/cm2#  A  constant  value  of 
1500  kg/cns2  for  Fur  was  conse  quer  t  e  ly  assumed# 

Calculation  cf  the  total  plastic  work  during  the 
determination  cf  the  parameters  for  the  plastic  portion, 
require  Information  with  respect  to  the  lateral  strain# 

Tests  18-14  ,  18-15  and  18—17  (chapter  4)  were  selected  to 

determine  the  plastic  parameters#  Values  of  K.2  obtained  from 
the  expression  5  #7,  were  plotted  against  the  stress  level  _£ 
(figure  5#1)  indicating  the  values  0#485  fer  Al  and  13*63 
for  A2  (equation  5#8)#  Figure  5#2  illustrates  the 
relationship  between  the  total  plastic  work  and  the  stress 
level#  The  threshold  stress  level  (equation  5#12)  value 

encountered  was  very  close  to  27  which  corresponds  to  points 
on  the  hydrostatic  axes#  This  indicates  the  existence  of 
plastic  strains  at  the  early  portion  of  the  stress  strain 
curve#  All  the  curves  should  be  asymptotic  to  a  single 


value,  regardless  cf  the  curve  to  be  fitted,  which  did  not 
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FIGURE  5.1  VARIATION  OF  K2  WITH  STRESS  LEVEL  EDMONTON  TILL 
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FIGURE  5.2  RELATION  BETWEEN  PLASTIC  WORK  AND  STRESS  LEVEL  EDMONTON  TILL 


in 


occur*  A  redefinition  of  stress  level  which  includes  the 
first  stress  invariant  seems  to  he  more  appropriate*  A 
latter  modification  of  the  theory  by  lade  (1975)  defined  the 
stress  level  as  J 


••••(5*15) 


where  m  is  a  naterial  property* 

Values  of  jji  snail  er  than  1  were  encounter*,  d  for  sand 
(Lade  1975)  and  clay  (Lade  and  M us ante  1976)*  The  sane  trend 
occurred  for  the  Eairontor  till  where  higher  values  ol  i  wore 
reached  for  smaller  values  of  the  confining  stress  (  figure 
5*2)*  The  yield  surfaces  (equation  5*3)  in  Kendulic  stress 
space  represent  a  cone  (figure  5*3)  while  a  redefinition  of 
the  stress  level  as  In  equation  5*15  w i t h  values  of  m  less 
than  unity  makes  it  concave  towards  the  hydrostatic  axes*  A 
average  value  for  the  limiting  value  of  the  stress  level  was 
taken  to  perform  the  calculations,  yielding  : 


(f 


. 
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FIGURE  5.3  REPRESENTATION  OF  THE  YIELD  SURFACES 


1  48 


Values  of  £  and  \  for  the  equation  5*13  obtained  from  figure 
5*4  are  0*00012  and  1*099  respectively* 


5±A  Aua._l2.sis 

Based  on  the  parameters  just  obtained*  predictions  from 
triaxial  compression  active  tests*  described  In  chapter  4  * 

were  performed  ( figure  5*5  to  5*9)  •  These  tests  were 
selected  among  others  to  investigate  the  applicability  of 
the  model  since  plane  strain  tests  have  already  been 
predicted  In  sends  successfully  and  the  active  compression 
tests  depart  the  most  from  the  conventional  triaxial 
test* Althoush  the  parameters  were  obtained  from  tests  which 
exhibited  failure  at  values  of  2*t  for  the  vertical  strain* 
the  model  predicted  satisfactorily  vertical  strains  in  tests 
failing  at  strain  values  as  lew  as  *5  %•  Test  18—23  with  an 
initial  confining  stress  of  2*275  kg/cm2  was  not  accurately 
predicted  but  its  behaviour  does  not  seem  to  he 
representative  when  compared  with  tests  18—25  end  18—27  with 
initial  confining  stresses  of  2*10  kg/ctn2  and  2*45  kg/cm2 
respectively*  Despite  the  averaging  of  the  value  of 
(  f  —  ft  )ul t *  failure  was  predicted  accurately*  The  samples 
were  initially  isotropically  stressed*  therefore  f 
lnitial=27  and  taken  to  failure  which  was  assumed  to  occur 
at  f=82*  Plastic  strains  of  the  same  magnitude  of  the 
elastic  ones  were  observed  at  values  of  f=27*8*  doubled  the 
elastic  strains  at  f=30*  and  quadrupled  at  f=40*  Ihe 
material  exhibits  a  significant  portion  of  plastic  strain  at 
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.099  log  a3/pa  -  8.992 
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DEV  STR ( KG/CM2 ) 

0.00  0.50  1.00  1.50  2.00 
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TEST  18-23  S  I  G-MA3  2-275 


FIGURE  5.5  ELASTOPLASTIC  MODEL  PREDICTION 


DEV  S T R C KG/CM2 ) 

0.00  0.50  1.00  1.50  2.00 
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TEST  18-24  S  I G-MR3  2-80 


FIGURE  5.6  ELASTOPLASTIC  MODEL  PREDICTION 


DEV  STR ( KG/CM2 ) 

0.00  0.50  1.00  1.50  2.00 
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TEST  18-25  SIGMR3  2.10 


FIGURE  5.7  ELASTOPLASTIC  MODEL  PREDICTION 


DEV  STR ( KG/CM2 ) 

0.00  0.50  1.00  1.50  2.00 
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TEST  18-26  SIGMR3  1 .925 


FIGURE  5.8  ELASTOPLASTIC  MODEL  PREDICTION 


DEV  S T R C KG/CM2 ) 

0.00  0.50  1.00  1.50  2.00 
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TEST  18-27  SIGMA3  2.45 


FIGURE  5.9  ELASTOPLASTIC  MODEL  PREDICTION 
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early  stages  ol  loading* 

Predictions  of  strains  in  compression  active  tests 
using  Lade’s  stress  strain  theory  compared  \ery  favorably 
with  the  laboratory  measurements*  It  seems  promising  to 
pursue  the  subject  further  to  investigate  the  possibility  of 
using  the  model  lor  other  types  of  stress  paths*  For 
situations  involving  primary  loading  with  predominant 
increase  or  the  isotropic  stress  (figure  5*10)  ,  the 
inclusion  of  a  cap  at  the  open  end  of  the  yield  surface  as 
suggested  by  Drucker,  Gibson  and  Henkel  (  1957  )  and  employed 
by  ioscoe  and  Poorcoshasb  (1963)  and  Lade  (1975),  makes  it 
it  necessary  to  account  for  the  plastic  strain  contribution 
of  the  isotropic  stress 
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FIGURE  5.10  STRESS  PATHS  WITH  PREDOMINANT  INCREASE  IN 


ISOTROPIC  STRESS  COMPONENT 


6.  NUMERICAL  SOLUTION 


The  finite  element  irethodf  as  a  result  of  its  ability 
to  simulate  complicated  boundary  conditions,  construction 
sequences  and  to  deal  »i th  different  constitutive  models, 
has  been  widely  used  for  complicated  Geotechnical 
Engineering  problems.  The  method  has  been  used  extensively 
to  analyse  the  behaviour  of  retaining  walls  and  excavations 
(Duncan  and  Dunlop  1969,  Clough  and  Duncan  1969,  Chang  and 
Duncan  1970,  Clough,  lebe r  and  Lament  1972,  Clough  and  Nana 
1976,  IzuaJ. ,  Kamemura  and  Sato  1976,  Stroh  and  Breth  1976  ) 
and  results  have  compared  >ery  favorably  with  field 
measurements.  A  finite  element  program  was  written  to 
simulate  various  phases  of  the  construction  procedure  in 
connection  tc  the  stress  strain  behaviour  exhibited  during 
the  laboratory  testing. 


Zl±2  Genera^  de.gcxi_E.il  0.0  o_f  the  goULLtQn 

In  this  section  the  overall  logic  of  the  solution  will 
be  presented  while  the  techniques  employed  will  be  explained 
in  subsequent  sections. 

Due  to  the  rapid  response  of  the  slope  Indicator  and 
th©  monuments  to  the  excavation  ,  and  because  of  the  very 
short  time  required  to  consolidate  the  laboratory  samples, 
the  treatment  will  be  entirely  ir  terms  of  effective 
s tresses  . 
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The  Initial  vertical  stresses  are  equal  to  the 
overburden  stress  while  the  horizontal  stresses  are 
calculated  uslnc  the  equation  : 


(6.1) 


where  KO  is  the  at  rest  coefficient  of  earth  jTP?suret  The 
elastic  constants  are  then  obtained  froit  these  initial 
conditions.  In  order  to  represent  different  construction 
phases  and  the  constitutive  model  adopted,  the  problem  is 
solved  in  states.  The  first  operation  which  involves  the 
excavation  of  sotre  material  is  represented  by  the 
aopllcation  of  surface  tension  at  the  boundary,  eaaal  and 
opposite  tc  the  stress  distribution  on  that  surface,  fie 
finite  element  method  requires  the  surface  tension  to  be 
imposed  by  means  of  nodal  loads.  Consequentely  the  element 
stresses  are  to  he  reduced  tc  rodal  loads.  The  new  boundary 
is  now  stress  free.  The  elements  removed  have  their  elastic 
constants  reduced  to  very  small  values  to  represent  the  air 
and  have  their  stresses  zeroed.  The  load  just  obtained  is 
divided  Into  a  number  of  steps  and  applied  incrementally. 

The  first  increment  is  spoiled  and  the  finite  element 
calculations  are  performed.  The  stresses  and  strains 
obtained  are  accumulated  and  the  resultant  stresses  are  usad 
to  obtain  another  set  of  elastic  constants  for  the  next 


— 
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i  rue  re  men  t  •  After  all  the  load  increments  heve  been  applied, 
another  construction  phase  will  take  place*  If  it  involves 
the  placement  of  any  structural  elements,  such  as  struts, 
the  elements  correspondent  to  them  have  their  elastic 
constants  assigned  new  values  to  represent  the  structural 
material*  The  material  properties  from  now  on  will  remain 
constant  throughout  the  analysis*  Figure  6*1  illustrates  the 
logic  just  explained* 


djg j: r njj. n£_t_l on 

In  excavation  problems  where  the  boundary  conditions 
are  specified  as  a  change  in  load,  without  modification  in 
the  boundary  shape  with  the  sur  r  oundi ns  ground  being  Linear 
elastic  and  time  independent,  it  can  be  proven  that  the 
solution  is  unique  ( Ishlhara,  1970)*  Under  these 
circumstances  there  is  no  need  to  treat  the  problem 
incrementally*  In  the  field  however,  it  is  very  difficult  to 
satisfy  all  of  these  requirements*  The  introduction  of 
struts  and  tiebacks  represents  a  mod i f ica t 1 on  in  the 
boundary  shape*  Even  if  the  material  is  linearly  elastic  and 
stress  path  independent,  for  one  final  state  there  is  not  a 
unique  solution*  The  soil  stress  strain  properties  for  the 
case  history  under  investigation  has  proven  Its  dependency 
on  the  stress  path*  There  Is  therefore  ample  evidence  that 
for  a  realistic  analysis  of  an  excavation  in  stiff  soils 
every  phase  cf  construction  must  be  simulated  as  closely  as 
possible*  This  requirement  is  not  unique  to  excavation 
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problems;  previews  experience  with  the  analysis  of 
embankments  Indicates  a  remarkable  difference  in  strains 
between  one  step  and  an  incremental  analysis  (Clough  and 
Woodward  IS67)*  The  stresses  were  also  affected  but  to  a 
much  smaller  extent* 

One  of  the  first  approaches  to  this  type  of  problem  is 
the  so  called  gravity  turn  on  analysis*  It  consists 
basically  of  two  steps:  the  first  involves  the  application 
of  gravity  forces  to  a  finite  element  mesh  prior  to  the 
excavation,  and  the  second  involves  the  application  of  the 
gravity  forces  to  a  finite  element  mesh  with  the  opening* 

The  difference  between  both  analysis  represent  the  change  in 
stress  and  the  displacements  caused  by  the  excavation 
(Kulbawy  1S74)*  This  type  of  analysis  is  very  attractive  due 
to  its  simplicity,  but  has  some  deficiencies  which  prevent  a 
broader  use  of  the  technique*  The  analysis  has  a  built-in  at 
rest  coefficient  of  earth  pressure  (£0=  PR  /( 1—  PR  ),  PR  is 
the  Poisson's  ratio)  which  cannot  be  changed*  The 
surrounding  ground  has  one  set  of  elastic  constants 
throughout  the  analysts,  therefore  it  is  net  possible  to 
analyse  materials  with  nan— linear  s tre ss  — s t r a in 
relationship*  A  final  drawback  is  the  impossibility  of 
modelling  construction  procedure*  The  ircremental  approach 
can  easily  overcome  these  difficulties;  the  initial  state  of 
stress  can  accommodate  any  at  rest  coefficient  of  earth 
pressure  and  the  excavation  is  then  simulated  by  reducing 
the  elastic  corstants  of  the  excavated  material  to  a  very 
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small  value*  The  nodal  lead  applied  to  the  boundary  points 
Is  obtained  from  the  accumulated  stresses  of  the  elements 
adjacent  to  Ihe  boundary  at  the  previous  step*  The  stresses 
determined  by  the  finite  element  method  are  representative 
of  points  inside  the  element,  while  the  incrementa l  load  i3 
to  he  determined  from  stresses  at  the  excavation  boundary* 
There  is  therefore  a  gradient  of  stresses  between  these  two 
points  which  will  be  discussed  here*  For  the  bottom  of  the 
excavation  Dunlop,  Duncan  and  Seed  (1968)  proposed  to  obtain 
the  nodal  loads  by  averaging  the  stresses  between  pairs  of 
elements  situated  above  and  below  the  boundary*  This  method 
has  been  proved  accurate  provided  the  e  lemen  ts  on  both  sides 
of  the  excavation  are  rectangles  of  the  same  sine*  Chang 
(1969)  calculated  the  boundary  stresses  from  the  element 
directly  above  and  assumed  a  gravity  stress  gradient*  Clough 
and  Duncan  (  1S69  )  developed  interpolation  formulas  to 
express  the  relationship  between  the  known  stresses  at  the 
element  centers  and  the  unknown  stresses  at  the  nodes  of  the 
excavation  boundary*  Christian  and  Won g  (1973)  used 
extrapolation  formulas  from  elements  in  a  horizontal  row  to 
obtain  the  load  caused  by  the  excavation*  Chandrasekaron  and 
King  (1974)  overcame  this  drawback  by  a  completely  different 
approach*  It  consists  of  impesirg  a  boundary  displacement 
equal  to  the  one  observed  in  the  previous  step  which,  when 
multiplied  by  the  stiffness  matrix  of  the  structure  below 
this  line,  will  determine  the  nodal  load  due  to  that 
increment*  Clough  and  Nana  (  1976)  calculated  the  nodal  loads 
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by  obtaining  the  resultant  ol  the  forces  from  values  at 
Gauss  po  in  t  s • 

Dxiring  the  development  of  the  program  for  this  project 
the  mesh  was  designed  to  provide  small  elements  beside  the 
vertical  wall  to  initially  reduce  the  distance  between  the 
boundary  nodes  and  the  centers  of  the  adjacent  elements*  A 
qualitative  horizontal  stress  distribution  of  the  shape  of 
figure  6*2  was  observed*  Higher  stress  gradients  in  a 
horizontal  line  for  points  closer  to  the  wall,  as  mentioned 
by  Christian  and  5Jong  (  1972  ),  were  detected,  although  much 
reduced  due  to  the  presence  of  the  wall*  In  this  project  the 
nodal  loads  were  obtained  from  averaging  the  stresses  of  the 
elements  to  be  excavated  adjacent  to  the  wall*  These  results 
were  analysed  for  a  wall  without  embedment,  for  which  case 
the  resultant  of  the  final  lateral  stress  should  correspond 
to  the  strut  leads*  The  results  indicated  consistently  a 
difference  of  10#  between  both  loads  towards  the  lateral 
stress  distribution*  To  account  for  this  difference  the 
nodal  load  in  each  phase  was  increased  by  10#,  after  the 
averaging*  The  final  result  exhibited  besides  the 
equalization  of  the  loads  a  coincidence  of  the  point  of 
application  cf  heth  resultants*  For  the  load  at  the  hot tom 
of  the  excavation  the  average  was  taken  between  pairs  cf 
elements  above  and  below  tbe  nodal  points*  The  exacavation 
was  incremented  in  layers  cf  no  more  than  2*5  meters  thick, 
which  is  considered  small  when  compared  with  layers  cf  6 
meters  used  by  Clough  and  Duncan  (1969)*  The  elements  were 
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horizontal  line  immediately  below  the 
bottom  of  the  excavation 

horizontal  line  at  some  distance  from 
the  bottom  of  the  excavation 


FIGURE  6.2  STRESS  DISTRIBUTION  BELOW  THE  BOTTOM 


OF  THE  EXCAVATION 
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therefore  smaller  which  decreases  the  distance  between  the 
point  where  the  stress  is  known  and  the  boundary  point. 


j6jL.il  Stress  strain  relationship 

The  stress  strain  curves  obtained  in  the  laboratory 
indicated  that  the  nonlinearity  can  not  he  ignored.  The 
incremental  procedure  car  accemmodate  this  behaviour  quite 
easily.  After  each  load  increment  is  performed  the  stresses 
are  evaluated  to  determine  the  new  set  of  elastic  constants 
to  be  used  for  the  next  increment.  This  procedure  has  been 
called  by  Clough  and  Duncan  (  1969)  the  "past  stress 
solution"  *  because  the  analysis  is  performed  using  elastic 
constants  which  are  a  result  of  a  previous  increment.  An 
alternate  method  consists  in  determining  the  elastic 
constants  also  for  stresses  at  the  end  of  the  increment* 
average  them,  and  perform  another  set  of  calculations*  this 
time  with  the  averaged  stress  strain  parameters.  This  method 
has  been  used  by  Kulhawy*  Duncan  and  Seed  (1969)*  Clough  and 
Duncan  (1969)  and  Cooalakrlshnayya  (1973)*  where  it  reduced 
the  number  cf  iterations  to  obtain  the  same  precision.  The 
modified  Newton  —  Raphson  method  or  initial  stress  method 
(Zienkieulcx*  Valliappan  and  King  1969)  also  reduces  the 
number  of  iterations  since  the  stiffness  matrix  does  not 
have  to  be  inverted  for  each  increment.  The  analysis  was 
performed  with  a  different  number  of  increments  to  evaluate 
the  necessity  cf  using  the  average  stress  solution.  No 
significant  difference  was  encountered  for  subdivisions 
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beyond  4  increments*  Since  average  stress  solution  requires 
fewer  than  halt  of  the  lncreftents  of  the  past  stress 
solution, the  latter  is  adequate  for  this  problem  •  Each  time 
the  charge  In  configuration  occurs  in  the  fresh,  another 
stiffness  matrix  is  generated,  therefore  the  benefit  of  a 
constant  stiffness  natrlx,as  it  occurs  in  the  initial  stress 
method  cannot  he  exercised.  It  was  considered  for  the 
cresent  circumstances  the  past  stress  method  to  be  the  most 
suitable* 

In  order  to  fit  the  stress  strain  data  points  in  a 
smooth  curve  the  following  relationships  were  tried: 
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Curves  of  the  type  of  equation  6*5  ,  which  represent  a 

hyperbola  (Kcndner  1962)  ,  exhibited  the  best  approximation 

for  the  data  pcirts*  For  stress  level  beyond  failure  there 
is  some  degree  of  departure  due  to  the  fact  tie  asymptotic 
valxie  of  the  deviator  stress  is  larger  than  the  failure 
value*  The  inverse  cf  ^  represents  this  asymptotic  value, 
and  bun  can  and  Chang  (  1910)  proposed  a  correction  factor  jit, 
applied  on  it  to  correct  this  ill  behaviour  t 


b 


(6.6) 


is  deviator  stress  at  failure 


is  the  correction  factor,  which  has  been  found 


to  vary  between  0*15  and  1 

The  use  of  Sf  different  than  one  caused  excessive  deviation 
o  t  the  hyperbolae  from  the  data  points  at  the  early  stages 
of  the  stress  strain  curve*  Equation  6*5  was  hence  left  in 
its  original  term*  Wherever  the  magnitude  cf  the  deviator 
stress  would  reach  failure,  a  small  modulus  of  deformation 
would  he  assigned  to  that  element  simulating  failtire.  For 
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each  stress  path  the  elastic  ccntants  were  determined  in  the 
following  way  Z 

1*  Passive  compression  tests:  with  a  set  of  stress  strain 
curves  obtained  from  the  laboratory  ( f iaure  6 • 3 • a)  the 
magnitude  cf  the  modulus  of  deformatlor  was  obtained  by 
interpolating  linearly  between  values  from  two  adjacent 
curves  with  confining  stresses  below  and  above  the  one 
being  searched#  For  points  falling  beycnd  the  limits  of 
the  tests,  an  additional  assumption  was  made  with 
respect  to  the  relationship  between  the  initial  modulus 
and  the  confining  stress  cf  the  form: 


(6.7) 


A  hyperbola  for  these  points  is  obtained,  where  a  - 1 / E  i 
and  _£  expressed  in  terms  cf  Vioh  r— C  ou  l  om  b  failure 
criteria  as  Z 
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Active  extension  tests:  they  are  determined  in  the  same 
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6. 3. a  Passive  compression  triaxial 


6.3. b  Active  extension  triaxial 
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6.3.c  Active  compression  plane  strain 


FIGURE  6.3  DETERMINATION  OF  THE  MODULUS  QF  DEFORMATION 


Ill 


way  as  the  passive  cc repression  tests  with  the  only 
difference  being  the  hyperbola  has  its  origin  displaced 
by  a  certain  amount  as  the  result  of  anisotropic 
consolidation  (figure  6 • 3 • b  )  •  The  equation  now  becomes: 
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3*  Active  compression  tests:  the  only  difference  between 
these  types  of  test  and  the  passive  compression  tests 
lies  in  the  fact  each  stress  strain  curve  refers  to  a 
value  of  the  major  principal  stress  which  remains 
constant  during  the  test  (figure  fe.3.c).  The  expression 
6.7  did  not  hold  for  these  tests*  hut  due  to  the  range 
of  the  performed  tests,  the  few  points  fall ina  beyond 
the  limits  were  close  enough  to  allow  the  use  of  .a 
obtained  from  the  rearest  stress  strain  curve  and  the 
value  cf  Jh  expressed  in  terns  of  the  Moh  r— C  oulomb 


failure  criterium  as: 
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4.  Proportional  loading  active  tests!  it  was  observed 
during  the  test  with  this  type  of  stress  path  very 
little  difference  in  the  modulus  of  def  crrrati  on  for 
deviator  stresses  below  the  initial  value  anti  a  curve  of 
the  shape  of  a  hyperbolae  from  there  on.  A  constant 
value  of  the  modulus  was  therefore  assumed  for  deviator 
stresses  below  the  Initial  and  a  hyperbolae  afterwards, 
similar  to  the  procedure  adopted  in  active  compression 
tests. 

Cuncan  and  Dunlop  (  1969)  approach  Ins  the  problem  of 
slopes  in  stiff  fissured  clays  using  the  finite  element 
method,  observed  nc  significant  difference  in  stresses  and 
strains  for  values  nf  Poisson’s  ratio  from  0.2  to  0.475.  The 
value  of  0.42  encountered  by  back  analysis  in  the  Ldmonton 
area  (Fisenstein  ard  Morrison,  197 2  )  was  used  for  this  case 
h  l  story. 

The  modulus  of  deformation  for  the  different  stress 
paths  were  obtained  from  the  general  equations: 


Aex=  -L[  Aox  -  v  (Act  +  Atf  )] 

Afy  =  ACy-  y  ( Acfx  *•  Ac?z  )] 
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Aez  =  -l-[Acrz  -  y(Acr  +  A(ry)] 

For  triaxlal  compression  passive  and  triaxlal  extension 
active  cases  tie  modulus  Is  readily  obtained  as: 


•  •  6*13  ) 


Fcr  triaxlal  compression  active  tests: 


For  plane  strain  compression  passive: 


and  finally  tor  plane  strain  compression  active: 

[r  :  _  (  1  +  V )  V  A  CTX 

A  ez 
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The  ratio  between  stresses  end  strains  required  in 
equations  6*1-3  to  6*t6  is  obtained  from  corresponding 
hyperbolae* 

The  last  stress  strain  relationship  left  to  determine, 
regards  the  interlace  between  the  vertical  wall  and  the 
surrounding  around*  Goodman,  Taylor  and  Erekke  (1968) 
developed  an  urldiaensicnal  element  capable  cl  modeling  the 
behaviour  cf  jointed  rock*  The  same  element  has  been  used 
{ Clough  and  Duncan  196S  and  1971  )  to  simulate  a  soil 
structure  interface*  The  element  accounts  for  the  relative 
movement  between  the  structure  and  the  ground*  The  readings 
of  tl.e  vertical  novement  exhibited  no  relative  displacement 
between  both  (chapter  3),  therefore  the  program  developed  in 
this  chapter  dees  not  accommodate  such  elements* 
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7.  RESULTS  CF  ANALYSIS  AND  CONCLUSIONS 
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Certain  characteristic?*  of  the  particular  case  history 
which  was  analyzed  that  deserved  special  treatment  before 
the  finite  element  program  developed  in  chapter  6  could  be 
utilized  are  gclng  to  he  described*  The  cress  section  of  the 
girders  and  mezzanine  are  discontinuous  along  the  axis  of 
the  excavation*  As  both  of  these  structural  elements  work 
under  axial  load,  they  were  reduced  to  a  continuous  section 
with  the  eatre  cross  sectional  area*  To  represent  the  sheet 
pile  wall  coverins  the  vertical  distance  between  the  girders 
and  the  mezzanine  floor,  an  extremely  large  number  of 
elements  wculd  be  required  because  of  their  reduced 
thickness*  The  stress  distribution  inside  these  elements  is 
not  being  investigated  here,  therefore  they  will  te  replaced 
by  a  continuous  wall  with  equivalent  stiffness  and  thickness 
comparable  to  the  tangent  pile  wall*  As  opposed  to  the 
struts,  the  sheet  pile  wall  basically  works  in  bending*  It 
was  replaced  by  a  vertical  wall  with  the  same  flexural 
rigidity  El  (  E  ■=  modulus  of  elasticity  and  I  =  on  cine  nt  of 
iner+ia)*  This  approximation  has  been  used  successfully  to 
substitute  composite  walls  cf  soldier  piles  and  logging  by  a 
continuous  planar  wall  (Tsui  and  Clough  1974  and  Mxirphy, 
Clough  and  Vfcclwarth  1975)* 

The  retaining  wall  is  primarily  subjected  to  bending 
moment  having  e  very  reduced  axial  load*  The  stress  at  any 
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point  along  its  cross  section  can  be  determined  with  the  use 
of  the  equations 


I 


(7.1) 


where 


—  M  -bendi  na  moment  at  the  section 

—  y  distance  from  the  neutral  axis 

—  T  moment  of  inertia  with  respect  to  the  neutral  axis 

Equation  7.1  indie  a  t  e  s  *  for  the  present  circumstances 
an  accentuated  Gradient  of  stress  alona  the  cross  section. 
The  finite  element  provides  only  an  approximate  solution 
since  the  structure  can  only  deform  into  specified  stapes. 
The  approximate  solution  therefore  stiffens  the  true 
structure.  The  finite  element  program  developed  in  chapter  6 
made  use  of  corstart  strain  triangles*  which  implies  a 
constant  stress  inside  each  element.  This  additional 
restraint  has  a  large  influence  on  the  modeling  of  the 
behaviour  of  the  retaining  wall  where  the  gradient  of  stress 
is  significant.  A  sufficient  increase  in  the  number  of 
elements  to  overcome  the  problem  satisfactorily*  would 
produce  a  significant  expansion  in  computing  time  and  memory 


requireirents.Ccnsequentiy  the  part  of  the  mesh  representing 
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tHp  pile  »eg  taken  separately  *  fixed  at  one  end  and  a 
concentrated  lead  perpendicular  to  its  axis  was  applied  on 
the  other  end*  The  resultant  displacements  should  be  smaller 
than  those  of  the  actvial  structure  would  undergo*  which  are 
provided  by  the  governing  differential  equation  for 
deflection  of  elastic  beans*  The  element  stiffness  in  the 
finite  element  method  isi 

[k]  =  [b]T  [d]  [b]  t  A 

. (  7  *  :> ) 

where 

—  t  element  thickness 

—  A  element  area 

—  H  constitutive  matrix*  It  expresses  the  stress  strain 
relations  h ip* 

—  R  matrix  transformation*  Tt  expresses  the  strain 
displacement  relationship*  For  isotropic  material  in 
plane  strain  ' 
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The  stiffness  cf  the  element  can  be  reduced  by 
decreasing  E  or  ±  which  are  constant  factors#  In  order 
to  obtain  the  results  frotr;  the  closed  fora  solution  a 
factor  of  0*35  was  enployedin  all  the  elements  to  reduce 
their  stiffness* 

The  nest  representative  section  of  the  overall 
behaviour  does  not  include  the  long  piles*  Their 
presence  much  beyond  the  bottom  of  the  excavation 
(Figure  7*1  -  shaded  area)  prevents  ground  movement 

below  the  short  piles*  The  analysis  of  soil  displacement 
,  lateral  stress  and  strut  load  was  consequently 
performed  in  a  section  where  only  the  short  piles  were 
present*  Per  the  analysis  of  the  slope  indicator 
movement  inside  the  lorg  piles  this  section  would 
indicate  excessive  movements  since  the  points  in  the 
shaded  area  of  figure  7*1  would  be  free  to  move*  which 
does  not  represent  the  field  condition*  Alternatively 
the  elements  in  this  area  could  be  assigned  concrete 
elastic  properties*  Ibis  assumption  is  equivalent  to 
saying  there  is  a  continuous  wall  from  the  surface  to 
the  shale  which  will  cause  excessively  high  lateral 
stress  during  excavation,  since  the  soil  cannot  flow 
around  it,  which  in  turn  will  produce  unrealistic  pile 
movement  in  that  area* 

The  finite  element  mesh  employed  (figure  7*2) 
contained  326  nodes  and  596  elements.  The  average  CPU 


time  to  execute  all  the  construction  phases,  using  the 
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FIGURE  7.1  CROSS  SECTION  IDEALIZATION 
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FIGURE  7.2  FINITE  ELEMENT  MESH 
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University  of  Alberta  compu te r( Amdah  l  470v6),  was  275 
seconds  with  a  CPU  storage  of  virtual  memory  integral 
(  VM I  )  of  770  page— min»  each  page  containing  4086  bytes* 
The  band  width  for  this  mesh  was  130* 

The  analysis  was  performed  under  different 
assumptions  with  regard  tc  the  stress— strain 
relationship  in  order  tc  evaluate  the  most  appropriate 
one  to  represent  the  actual  field  condition*  The 
assumptions  employed  as  follows: 
linear  elasticity 

The  ground  was  assumed  to  behave  as  a  linearly 
elastic  material  throughout  the  analysis*  The  modulus  of 
elasticity  employed  was  obtained  from  pressureme te r 
r esu Its* 

Non  linear  elasticity 

The  stress-strain  relationships  for  both  Edmonton 
till  and  Sa s ba tche wa r  Sands  were  obtained  from  passive 
compression  tests  in  triaxial  equipment* 

Triaxial  active  compression 

The  stress— st rain  relationship  for  the  Edmonton 
Till  was  obtained  from  results  of  active  compression 
test  in  conventional  triaxial  equipment  and  for  the 
Saskatchewan  Sands  from  active  extension  and 
proper t i ona l-ac t  ive  tests  in  conventional  triaxial 
equi  paipnt 

Plane  strain  active  compression 

The  stress-strain  relationship  for  the  Edmonton 
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Till  was  obtained  tram  active  compression  tests  in  a 
plane  strain  apparatus*  while  the  Saskatchewan  Sands 
from  active  extension  and  proportional-active  tests  in 
conventional  triaxial  equipment* 

The  construction  was  simulated  in  7  different  phases  as 
follows  (figure  7*3)  i 

1*  Excavation  of  the  first  3  meters  of  soil*  The  tangent 
piles  already  in  place* 

2*  Excavation  of  an  extra  meter  of  soil  (4  meters  deep)  and 
placement  of  the  first  level  of  struts  (girders) 

3*  Excavation  of  another  2*5  meters  of  soil  (  6*5  meters 

deep  )* 

4*  Excavation  of  another  2*5  meters  of  soil  (  9  meters 

deep)  and  placement  of  the  second  level  of  struts 
( mezzan i ne  )  • 

5*  Fxcavatlon  of  another  2  meters  of  soil  (  11  meters 

deep  )  * 

6*  Excavation  of  another  2  meters  of  soil  (  13  meters 

deep  )  * 

7*  Excavation  of  the  last  2*3  meters  of  soil  l  15*3  meters 
deep  )  • 

? *  2  Pile  £132  eji.£ll.2 

The  results  of  Initial  analysis  performed  indicated 
extremely  snail  lateral  movement  at  the  top  of  the  pile*  If 
the  amount  of  movement  observed  in  the  field  had  been 
absorbed  by  contraction  of  the  girder  due  to  axial  load,  it 
would  amour t  tc  a  value  much  bey end  the  load  capacity  of  the 
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FIGURE  7.3  SIMULATION  OF  THE  CONSTRUCTION  PHASES 


184 


girder.  As  »as  pointed  out  in  chapter  2  (figure  2.7),  there 
is  a  gap  of  7*6  cm  between  the  girders  end  tie  ML,,  shaped 
beam,  which  is  filled  with  cement  arout.  The  large 
horizontal  movement  at  the  top  of  the  pile  is  attributed  to 
a  low  value  of  the  modulus  of  deformation  of  the  erout* 
Initially  the  grout  was  assigned  the  same  modulus  of  the 
girders  ana  the  concrete  wall  (  140,000  kg/cm2  ),  but  to  reach 
movements  compatible  with  the  field  observations  it  had  to 
he  reduced  by  e  factor  of  40* 

The  resultant  pile  movements  employing  different 
assumptions  regarding  the  stress  strain  relationship  are  in 
figure  7*4  •  The  use  of  a  linear  elastic  material  (E=1C50 

ks/cm2)  assumption  results  In  reduced  displacements  which  is 
caused  by  a  constant  value  of  the  modulus  of  deformation 
even  for  elements  with  high  values  of  stress  level*  Results 
from  a  a  non-linear  elastic  material  assumption  based  on 
results  from  conventional  triaxial  tests  exhibit 
displacements  significantly  higher  than  field  mea su r en e n t s • 
The  values  of  moduli  of  deformation  encountered  in  the 
laboratory  resulted  in  excessive  displacement  predictions* 
There  is  not  a  significant  difference  between  results  from 
active  compression  predictions  from  triaxial  and  plane 
strain,  which  Indicate  a  better  agreement  with  the  field 
data*  A  good  opportunity  to  evaluate  the  assumptions  made 
along  the  line,  rests  in  the  field  data  provided  by  slope 

t 

indicator  S  T  2  •  It  indicated  the  girder  was  not  activated. 

The  analysis  was  performed  with  exactly  the  same  input  data 
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LATERAL  MOVEMENT  (cm) 


FIGURE  7.4  COMPARISON  OF  FIELD  MEASUREMENT  OF  SLOPE 
INDICATOR  SI2  AND  FINITE  ELEMENT  PREDICTIONS 
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for  SI3*  with  the  cnly  difference  being  an  extremely  lew 
value  of  the  modulus  ol  defcrirati.cn  <E=10  ke/cm2)  was 
assigned  for  the  elements  representing  the  grout.  Figure  7.5 
supports  tie  view  the  grout  properties  are  responsible  for  a 
poor  use  of  the  girders  to  carry  horizontal  load. 


2-1.3  2aclis a  3  J!£veiiL£iit 

The  results  obtained  for  the  different  s tress— s tra in 
assumptions  are  Indicated  in  figure  7*6  •  The  displacements 
obtained  from  conventional  triaxial  tests  again  reflect  the 
reduced  modulus  cl  deformation  obtained  thereby*  Maximum 
displacement  of  1*23  cm  was  predicted  whereas  the  highest 
value  encountered  was  0*67  cm*  Results  obtained  from  an 
a s s u tr p 1 1  on  of  linear  elasticity  were  in  good  agreement  with 
the  actual  Measurements*  Smaller  movements  were  indicated  in 
the  vicinity  of  the  wall*  Elements  next  to  the  wall  remained 
with  the  same  modulus*  however  due  to  the  ilexibility  of  the 
wall*  there  should  have  been  a  reduction  in  the  modulus 
which  was  net  properly  represented*  This  assumption  also 
tends  to  enlarge  the  zone  of  influence  of  the  movements  due 
to  the  excavation*  If  one  extrapolates  the  field  curve  for 
points  beyond  16  meters  from  the  wall  a  significant 
difference  is  observed*  The  higher  stiffness  Inherent  from 
this  assumption  broadens  the  displacement  pattern*  The 
predictions  based  on  active  compression  tests  in  triaxial 
test  depart  considerably  from  the  fiela  curve  for  points 
close  to  the  wall*  The  conclusion  that  the  modulus  of 
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FIGURE  7.5  COMPARISON  OF  FIELD  MEASUREMENT  OF  SLOPE 
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de  forma  t  i  cn  iron;  trlaxial  tests  with  a.  passive  compression 
stress  path  can  not  be  used  to  obtain  the  strains  in  a  plane 
strain  condition  (Chapter  4)  ,  can  be  extended  to  active 

compression  tests#  The  results  iron?  active  compression  tests 
in  plane  strain  predicted  a  maximum  displacement  of  0.71  cm 
when  it  was  observed  to  be  0*68  cm*  This  assumption 
exaggerated  the  displacements  for  points  close  to  the  wall 
but  predicted  accurately  the  extension  of  the  zone  of 
influence  of  the  excavation* 


7*4  Lateral  load  and  stress 

Due  to  the  change  ir.  the  original  project  for  the 
addition  of  a  pedestrian  exit  it  was  not  possible  to  monitor 
the  strut  loads  beyond  10  meters  of  excavation*  The  only 
Held  measurement  available  for  comparison  refers  to  the 
mezzanine  load  for  these  10  meters  of  excavation*  Table  7*1 
presents  the  normal  stress  for  the  different  analytic 
assumptions*  The  results  indicate  the  magnitude  of  the 
predicted  load  is  not  as  much  affected  by  the  assumed 
stress-strain  relationship  as  are  the  displacements*  The 
only  analysis  falling  outside  the  acceptable  range  refers  to 
the  assumption  that  the  material  behaves  linearly  elastic* 

The  lateral  stress  distribution  encountered  for  each  of 
the  stress  strain  assumptions  are  represented  in  figure  7.7, 
where  Pecli's  lateral  stress  distribution  for  lateral  stress 
is  also  indicated.  Appart  from  the  assumption  of  linear 
elasticity,  which  indicates  an  unreasonable  distribution, 
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-  TRIAXIAl  ACTIVE  COMPRESSION 

-  TRIAXIAL  PASSIVE  COMPRESSION 

PLANE  STRAIN  ACTIVE  COMPRESSION 
LINEAR  ELASTICITY  E=T 050  kg/cm2 


FIGURE  7.7  LATERAL  STRESS  DISTRIBUTION 


ALONG  THE  WALL 
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there  lis  a  reduction  oi  the  lateral  stress  in  zones  where 
the  retaining  structure  yields  and  an  increase  on  the 
supporting  points,  which  agrees  with  results  in  model  tests 
In  sends  by  Eros  (1972)*  Below  the  bottom  of  the  excavation 
the  stresses  increase  very  rapidly  in  the  direction  of  the 
at  rest  state  of  stress*  The  stress  distribution  can  be 
approximated  by  a  linear  increase  of  the  lateral  stress  with 
depth,  exhibiting  peaks  in  the  presence  of  struts* 


. 
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TABLE  7.1 

Normal  stress  In  the  mezzanine. 


condi t ion 


normal  stress  (kg/crn2) 


field  measurement 


13.03 


linear  elasticity 

E=t050  kg/ cm2  19.5 


ncr-linear  elasticity 


13.6 


stress  path  triaxlal 


12.13 


stress  path  plane  strain 


12.6 
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7i  5  InfUienc?  of  t  he  tUckness  oj  t  he  _waJLJ. 

As  the  cost  of  the  walls  for  the  underground  stations 
represented  10*  of  the  total  cost  of  the  project  ,  whereas 
the  price  cl  bcth  tunnels  joining  both  stations  accounted 
for  only  3#3*  of  the  total  cost,  an  evaluation  of  the 

influence  of  the  stiffness  of  the  wall  will  be  of  economical 

interest,  particularly  for  future  similar  projects# 

Clearly,  a  reduction  In  the  stiffness  of  the  retaining 
structure  decreases  the  lateral  load#  Figure  7.8  illustrates 
the  comparison  of  the  lateral  stress  distribution  when  the 
sheet  pile  portion  of  the  wall  is  replaced  by  a  tangent  pile 
wall  of  the  satre  stiffness  as  the  rest  of  the  wall#  The 

stresses  In  the  upper  part  approach  the  KO  line  ,  while  with 

the  sheet  pile  wall  there  is  a  stress  release  due  to  the 
reduction  in  stiffness  with  a  transfer  of  sose  of  the  load 
to  the  nou-y  if  Idine  part# 

A  change  In  thickness  of  the  entire  wall  has  a  much 
more  significant  effect  (figure  7#9)#  Walls  2  meters  thick 
bring  the  stress  distribution  closer  to  the  at  rest  state  of 
stress  and  reduce  the  stress  concentrations  at  the  support 
levels  as  a  result  of  their  large  bending  resistance#  Figure 
7 #10  Indicates  the  influence  of  the  wall  thickness  on  the 
total  and  strut  load.  A  flexible  wall  dees  not  give  the 
opportvinity  for  the  embedment  to  carry  some  of  the  lead.  A  2 
meters  thick  wall  enables  the  around  to  carry  as  much  as  20* 
of  the  total  load#  Even  with  such  a  stiff  strutted  wail  the 
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FIGURE  7.8  COMPARISON  OF  LATERAL  STRESS  DISTRIBUTION 
BETWEEN  CONCRETE  TANGENT  PILES  AND  SHEET  PILE  WALL 
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FIGURE  7.9  INFLUENCE  OF  WALL  THICKNESS  ON  THE 
LATERAL  STRESS  DISTRIBUTION 
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FIGURE  7.10  INFLUENCE  OF  THE  WALL  THICKNESS  ON  THE 
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Initial  lateral  pressure  Is  reduced  in  2 0%. 

The  reduction  of  lead  is  done  at  the  expense  of  some 
ground  aovenent  (Figure  7.11)  and  expansion  of  the  zc re 
affected  by  the  excavation#  A  stiff  wall  reduces  the  naxinmir 
displacement  taut  the  improvement  becomes  less  effective  at 
greater  thicknesses.  An  increase  in  thickness  from  40  cm  to 
SO  cm  reduces  the  maximum  displacement  from  0.75  cm  to  0.55 
cm  while  an  increase  in  thickness  from  160  cm  to  200  cm 
reduces  the  maximum  displacement  from  0.40  cn:  to  0.3S  cm. 
Figure  7.10  and  7.11  indicate  the  minimum  possible 
displacement  tends  to  a  value  of  .36  cm  and  the  load  to  a 
value  of  1650  kg/cm. 


J2j.il  jjfflIB.fi -E.S 

During  the  present  research  a  field  case  of  a  deep- 
excavation  in  stiff  clay  was  documented  with  the  purpose  of 
measuring  the  earth  pressure  distribution  imposed  on  the 
retaining  structure  and  the  ground  movement  associated  with 
it.  As  frequently  occurs t  a  fragmented  set  of  data  was 
collected*  With  the  use  of  laboratory  tests  following  the 
appropriate  stress  path  for  excavations,  a  numerical 
solution  was  employed  aiming  to  reproduce  the  field 
me asu remen ts .  Some  information  with  respect  to  the  lateral 
load  was  obtained  hut  not  enough  by  itself  to  consider  its 
reproduction  by  an  analytical  solution  to  be  satisfactory. 
In  addition  to  lateral  load,  movement  of  the  retaining  wall 
and  the  ground  were  also  obtained.  The  results  of 


-  »:  ,  »  »  I  i  .  »  *  a  -  ' 

•  »  >\  A  0  d  f  *  o  «ul «  r 


1  *  j  i  •  ,  m  r  <»  !  t  ,  s  *  -y  *  io>  il  I'i  *■ «  t  i  '  in  1  **  't  i 


it  of  *->-» It  i#  noH  MYotnl  i*»»B  a«« 


DISTANCE  FROM  THE  WALL  (cm) 


198 


—J 

3 


(»3)  -ldSIO  'IK 3 A  -xvw 


s 


(ws)  1N3W3AOW  1V0I1H3A 


FIGURE  7.11  INFLUENCE  OF  THE  WALL  THICKNESS  ON  THE  GROUND  MOVEMENT 
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deformation  obtained  by  the  analytical  solution  were  in  very 
good  agreement  with  the  field  measurements*  The  evaluation 
of  Hisplacernents  in  Geotechnical  enginering  are  extremely 
sensitive  to  the  modelling  en ployed*  It  is  therefore 
considered  that  a  solution  which  provides  good  reproduction 
of  the  displacements  In  problems  of  such  kind,  is  bound  to 
give  even  tetter  results  with  respect  to  the  lateral  stress 
which  in  stiff  clays  are  extremely  difficult  to  measure  in 
the  field.  Ir  the  case  history  analysed  the  scarce  field 
data  of  the  strut  load  was  alsc  reproduced  accurately. 


2jl2  Cone  ens  and  suggestions  for  further  resea rc h 

An  integrated  approach  involving  field  observation, 
laboratory  testing  and  the  use  of  a  numerical  analysis 
followed  by  an  evaluation  of  ils  results  proved  to  be  cf 
great  value  to  understand  the  behaviour  of  deep  excavations 
supported  by  semirigid  structures.  Even  with  the  usual 
l Imitations  existing  in  the  field  andt  the  laboratory  testing 
and  the  simplifications  necessary  to  secure  a  relatively 
simple  analytical  solution,  loads  and  deformations  for  the 
case  history  investigated  were  reproduced  within  reasonable 
accuracy  which  indicates  this  approach  as  viable  to  obtain 
engineering  solutions  for  this  type  of  problem.  The  outcome 
of  this  research  managed  to  give  a  significantly  better 
perspective  of  the  lateral  stress  distribution  to  expect 
during  the  construction  of  retaining  walls  in  stiff  soils 
and  the  most  iapertant  factors  involved  in  this  type  of 
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pr  ob  1  em  • 

Field  measuren:ents  indicated  that  for  stiff  soils  a 
reduced  zone  of  influence  of  displacements  is  caused  by  the 
excavation  whet!  one  uses  semirigid  structures.  No  vertical 
or  horizontal  aoveaent  was  observed  for  points  at  a 
horizontal  distance  equal  to  twice  the  depth  of  the 
excava ti on • 

Direct  measurements  of  lateral  stress  in  stiff  clays 
are  extremely  difficult  to  obtain.  Very  small  values  of 
lateral  strain  are  enough  to  release  a  significant  portion 
of  the  lateral  stress  thereby  preventing  reliable 
measurements.  The  appearance  of  gravel  in  glacial  tills  also 
presents  an  obstacle  to  good  performance  of  the  measuring 
device.  The  monitoring  of  lateral  load  by  means  of  load 
cells  and  strain  gauges  in  the  struts  offers  an  alternative 
approach  to  the  measurement  of  lateral  load  imposed  on  the 
s  true  ture . 

To  guarantee  an  efficient  usage  of  struts,  if  they  are 
not  cast  in  place,  special  care  must  be  taken  with  respect 
to  the  connection  between  the  wall  and  the  struts.  The 
degree  of  Importance  increases  very  rapidly  the  stiffer  the 
soil.  A  poor  contact,  in  soils  which  require  very  little 
movement  to  mobilize  their  shear  strength,  causes  a 
remarkable  reduction  in  the  strut  load,  resulting  in 
overdesigning  of  the  struts  and  undesirable  soil  movement. 

Stiff  clays  when  tested  under  active  compression  stress 
paths  indicated  a  remarkable  reduction  in  the  strain  to 
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failure  and  ccraequently  a  significant  increase  In  the 
modulus  of  deformation  when  coirrared  with  passive 
compression  tests#  A  reduction  in  the  isotropic  stress 
component  caises  a  expansion  in  all  directions  •  The  total 
vertical  strain  will  be  the  resultant  of  this  expansion  and 
the  contraction  due  to  an  increase  in  the  deviator  stress* 

Active  extension  tests  in  dense  sands  also  reduce  the 
Isotropic  stress  component  therefore  causing  an  increase  in 
the  modulus  of  deformation*  Cue  to  the  fact  these  two  stress 
paths  are  dominantly  present  in  excavations  and  they  depart 
substantially  frcit.  conventional  triaxial  testing,  it  is  of 
paramount  importance  tc  obtain  the  stress— strai n  parameters 
from  tests  following  the  appropriate  stress  path*  In  these 
cases  the  soil  is  being  loaded  by  the  decrease  of  one  of  the 
principal  stresses*  For  situations  involving  loading  with 
increase  in  the  principal  stresses  not  so  much  difference 
should  be  expected* 

Passive  compression  tests  in  triaxial  and  plane 
strainloading  led  to  significantly  different  values  of  the 
modulus  of  deformation*  The  prediction  of  displacements 
based  on  results  from  plane  strain  and  triaxial  results  in 
active  compression  indicated  significantly  higher  values  of 
ground  displacements  from  triaxial  results*  Values  ol 
modulus  ol  deformation  from  plane  strain  and  triaxial  do  not 
lead  to  the  seme  values  •  The  theory  of  elasticity  can  not 
he  used  to  simulate  plane  strain  conditions  from  triaxial 
tests  results,  even  for  small  values  of  the  stress  level* 
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Stiff  clays  are  very  highly  stress  path  dependent  materials. 

The  assumption  that  the  stress-strain  relationship  can 
be  represented  by  two  cons1ants»  even  if  they  are  obtained 
by  following  appropriate  stress  path,  leads  to  a  gross 
overestinaticn  of  the  lateral  load*  For  a  retaining  wall  or 
a  construction  procedure  permitting  considerable  movement,  a 
more  pronounced  departure  is  to  be  expected* 

Stiff  clays  require  such  a  small  strain  under  active 
compression  loading  that  the  construction  cf  an  extremely 
thick  wall  will  net  prevent  the  soil  from  contributing  with 
its  shear  strength  to  the  carrying  of  the  lateral  load*  The 
construction  of  a  semirigid  wall  can  reduce  the  lateral  load 
45%  from  the  initial  conditions* 

Laboratory  testing  with  lightly  o ve rconsol l da t ed  soils 
leads  to  appropriate  estimation  cf  the  stress-strain 
relationship  provided  the  field  stress  path  is  observed*  The 
unloading  caused  by  the  sampling  and  the  presence  of 
fissures  in  highly  overconsolidated  soils  lead  to  erroneous 
values  of  the  nodulus  of  deformation,  but  the  lightly 
overconsolidated  clay  Investigated  here  did  not  exhibit  this 
behaviour*  The  stress  path  assumes  such  an  overwhelming 
Importance  that  the  performance  cf  large  in-situ  tests  are 
not  adequate  to  obtain  the  representative  stress-strain 
parameters  for  excavations* 

The  stiffness  of  the  wall  plays  an  important  role  in 
the  lateral  stress  distribution  and  ground  movement*  Id  ax  in  urn 
vertical  d i 3 p l a c em en t  of  the  ground  as  well  os  the  extension 
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of  the  zone  of  influence  by  the  excavation  can  he  reduced  by 
constructing  a  stiffen  wall*  The  efficiency  of  the  wall  Is 
reduced  as  the  wall  becomes  thicker*  The  lateral  stress 
distribution  departs  from  a  triangular  shape  as  the  rigidity 
of  the  wall  is  reduced,  with  concentration  of  stresses  at 
strut  levels*  The  ground  movement  In  stiff  soils  is  very 
reduced  for  any  wall  rigidity*  It  seems  therefore  ,  since 
the  wail  is  able  tc  sustain  the  resulting  bending  moment  and 
failure  of  the  surrounding  ground  does  not  occur  ,  a 
flexible  structure  represents  an  economical  and  convenient 
so  lut  ion* 

An  earth  pressure  distribution  in  the  form  of  a  diagram 
to  guide  the  designers  has  to  include  the  stiffness  of  the 
wall*  Peck’s  empirical  earth  pressure  distribution  for 
permanent  structuresis  indicated  to  be  on  the  conservative 
side  for  any  wall  stiffness  for  the  case  history 
i nves  ti gated* 

The  flow  cf  soil  below  the  bottom  of  the  excavation  is 
responsible  for  a  significant  portion  of  the  ground 
movement*  The  presence  of  a  rigid  base  at  the  bottom  of  the 
excavation  can  therefore  effectively  reduce  ground 
movements • 

The  conclusions  being  presented  refer  to  an  excavation 
with  the  ratio  between  depth  and  width  of  approximately  1* 
The  evaluation  of  the  importance  of  different  factors,  such 
as  the  width  of  the  excavation  and  the  depth  of  the 
embedment  has  not  been  studied  here. However  they  will  prove 
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to  change  significantly  the  distribution  of  stresses  and 
di sol a cements* 

Better  inior mat  ion  with  respect  to  loads  and 
displacements  for  future  design  in  this  type  of  material  can 
be  successfully  cbtaLned  if  the  i sport a nee  of  including 
laboratory  testing  involving  the  stress  oaths  is  recognized 
and  described  with  the  use  of  the  finite  element  methodwith 
the  appropriate  simulation  of  the  stepwise  construction 
procedure • 

Since  stiff  clays  are  highly  stress  path  dependent,  the 
evaluation  of  loads  and  displacements,  especially  in 
excavations,  require  laborious  tests  involving  stress  paths 
which  are  significantly  different  from  the  conventional 
ones*  By  the  use  o  f  an  e  lastoplastic  model  which 
s  t  re  ss— s?  t  r  a  1  n  parameters  were  obtained  from  passive 
compression  tests  ,  good  predictions  of  active  compression 
tests  were  achieved*  investigation  in  this  area  should  be 
pursued  to  evaluate  the  applicability  of  the  model  for 
different  stress  paths  and  the  possibility  of  its  use  in 
actual  engineering  structures  The  use  of  the  model  in 
overconsolidated  soils  can,  in  theory,  also  be  performed 
since  the  volume  change  caused  by  shear  stresses  can  be 
represented,  but  considerable  more  investigation  is  needed 
with  respect  tc  the  definition  of  the  yield  surface.  It  is 
expected  the  fissures  in  this  case  will  introduce 
considerable  difficulty.  An  evaluation  of  the  behaviour  of 
stiff  clays  under  different  stress  paths  can  also  provide  an 
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new  engineering  insigh  1  for  the  design  cf  structures  in 
these  soils. 
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APPENDIX  A.  CONFUTES  PROGRAM 


a_.  1  JLiilxiLdiJ^JLan 

This  computer  program  *as  developed  to  analyse  stress 
changes  and  displacements  caused  by  excavations  in  soil  or 
rock,  with  the  aid  of  tie  finite  element  method* 

The  analysis  is  divided  in  a  number  of  distinct  phases 
which  consist  cf  excavation  of  different  layers  and 
installation  of  permanent  struts*  Each  phase  is  subdivided 
in  increments  to  allow  updating  cf  the  elastic  parameters  in 
each  eleiert.  The  program  at  tie  beginning  of  each  phase 
calculates  the  new  lead  vector  which  will  be  applied*  It 
performs  the  calculations  for  different  types  of  stress 
strain  relationships  according  tc  the  stress  path  which  has 
been  prescribed  for  the  element* 


Aj.2  SLt  Ihs.  ££oy_r  am 

The  main  program  obtains  the  initial  nodal  and  element 
stresses  prior  to  the  excavation  by  calling  tie  subroutine 
1 N  IT •  iiy  means  ot  tie  the  subroutine  NLCAB  the  elements 
excavated  are  assigned  extremely  low  values  of  the  modulus 
of  deformation*  The  elements  representing  the  strut  level  to 
be  installed  are  assigned  the  cctresponden t  values  of  the 
elastic  parameters  (concrete  or  steel)  and  the  nodal  loads 
caused  by  the  excavation  in  this  phase  are  determined.  At 
this  point  the  load  is  divided  in  4  increments*  The  number 
of  increments  can  he  easily  changed  by  altering  lines  81  to 
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84  if  required  by  -the  user#  The  subroutine  EFTF  is  then 
called  to  calculate  the  value  of  the  modulus  of  deformation# 
The  program  has  the  capability  of  analysing  6  different 
types  of  stress  strain  relationship  which  are  described  in 
detail  in  chapter  6#  A  sub  routine  CST  is  called  to  perform 
the  finite  element  analysis  using  constant  strain  triangles 
to  obtain  the  stress  change  due  to  the  increment  Just 
performed#  An  opticn  to  plot  the  displacement  is  available 
at  the  end  cf  the  program# 


Aj.2.  I  pod  t  data 

1#  GEOMETRY 

a#  output  options#####  •••*••••••••••••#•••••••*•••( 415) 

1)  I P  R  IN!  If  equals  to  1  it  prints  all  the 
geometric  information  at  the  begining  of  each 
phase  for  every  increment 

2)  N  I  PR  I  NT  If  equals  tc  1  it  prints  the  nodal  load 
for  each  phase  cf  construction 

3)  I  PLOT  if  equals  to  lit  generates  a  plot  with 
the  displacements  of  some  selected  nodes# 

4)  NIPRIE  If  equals  to  1  it  prints  the  modulus  of 
deformation  of  all  the  elements  at  the  beglning 
of  each  phase  lor  every  increment# 

b.  title . I  20A4  ) 


c  • 


size  of  the  problem 


(  316  ) 


. 


•  1 

•  • 

. 


232 


1  )  NO  MNP  number  of  nodal  points 

2)  Ml  to  E  L  number  of  elements 

3)  NUMAT  number  of  materials 

d.  node  cards.. . . . . . .  •  .  .  (  2 1  6 , 4F  1 2 . 0  ,  1 5  ) 

1 )  N  node  number 

2)  KOEE(N)  two  digit  runrber  indicating  whether  a 
displacement  or  a  force  is  applied  at  the  node 
a  )  CO  x  force  y  force 

b)  11  x  displacement  y  displacem en t 
c  )  10  x  displacement  y  force 

d  )  01  x  force  y  displacement 

31  X  xcoordinate 

4)  Y  ycoordinate 

5)  Ox  force  or  displacement  at  node  N 

6)  V  y  force  or  displacement  at  node  N 

7)  KODEl(N)  It  defines  the  material  type  to 
determine  initial  nodal  stress.  If  KGDEltN)=4 
the  initial  stresses  are  zero. 

CbjfjL  NjSda!  jy  olnjc  Jl.Ll.Sl  hS.  ill  BiJJUSLElffiiLl  o  rde  r  .  I  f 
Iiode^  ajZi!  Cffiil ted  l£e  jjro^_ram 

coord  lnal.es  Joj;  liifi  IfllEEffiCiJlfllg  CB.ln.tH  lj  pearl  y 
d  j  gp  lace  d  Iftwien  the  1j »£  -tJSllll±'j.  il<2X  11  ffi 
pere  raled  jjodf  c  Jhe  cxCCXlLffi  1CDE-0  j.  U 

BBd  V=C  ajid  i'CUti  e^jj^l^  ic  Hue  jjre v I.ouh  node 


e  . 


e  leiren  t  cards 


( 516 ,F6. 0  ) 
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1)  M  element  n  u  m  h  e  r 

2)  N  P  (  I  ,  M  )  nodal  points  at  the  three  corners  of  the 
element  in  counterclockwise  order 

3)  MAT(N)  element  material  ruuber 

4)  1H( M  )  thickness  of  the  element*  If  not  defined 
the  prcgrHir  assigns  a  unit  thickness* 

-SjfciLs.  E  l  e  m  e  n  t  cards  rnus  t  be  _ijn  numer  lea  l  c  rdc  r  * 

J J[  element  numbers  .axe  o™  1  tied  t he  !2Xi2iiXjii£ 
geje  rate?,  element  dj|Jt  a  Xli  nodu  l  e  ^  of  t 
jiJjejEXtt ts  JSSIIL  .til*  Ptevi  pus  t»o« 


2*  PLOTTING  DATA 

a*  general  information* •••••«••••••*• •••••••••••••(215) 

t  )  NNTP  number  of  nodes  to  toe  plotted 
2  )  NPH  total  number  of  phases 
b •  nodes* ••••••••••••••••••••••••••••••••••••••••(1015) 

1)  NTPC  1  )  node  number  which  displacements  w i  l  i  be 
plot  ted 

c*  title  of  the  plotting  ( 20A4  ) 

1  )  T  ITLE(  i  ) 

a)  col  1  to  48  headline  for  the  plotting 
t)  column  48  to  64  abscissa  label 
c)  column  65  to  SC  ordinate  label 

d*  contour..#**....***# . . •••••••••••••••••*••••(  IS) 

1  )  NNG  number  of  nodes  which  will  form  the  contour 


to  define  the  excavation,  retaining  structure, 
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houndarlps  and  subsoil# A  line  will  be  drawn 
joining  all  the  NNG  points  without  interruption# 
e  •  contour  definition#. 1015) 
1)  NTP(  I  )  nodes  defining  the  contour #lf  it  is  not 
required  tc  use  the  plotting  facility  5  blank 
lines  have  to  be  supplied  to  inform  nothing  is 
to  toe  plotted# 

3.  HATES  X A l  FRCP EFT  IPS 

This  program  was  developed  for  10  different 
materials  to  suit  the  needs  of  various  analyses  of  the 
Sapid  Transit  in  Edmonton#  The  nonlinear  elastic  stress 
strain  relationship  Is  fitted  to  a  hyperbolae  Z 


SIG1  -  SIG3  =  IPS1  /(  A+B*EFS1  ) 


where 

SIG1  and  SIG3  are  principal  stresses 
FPSl  is  the  major  principal  strain 
A  and  B  are  the  material  parameters  required# 
a#  Material  number  1 

This  naterial  corresponds  to  a  stress  path  of 
the  type  compression  active  in  conventional  triaxial 
equipment#  Three  stress  strain  curves  are  to  be 
supplied# 


1  )  liM  number  1 


(  15  ) 


. 


- 

»•  *•••  >rt*  ’*  •* 


HHiNnMBU  3  t  »u  -  101 
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2  )  a)  P  R  (  1  )  Poisson  ratio 

fcj  K0(  1  )  at  rest  earth  pressure  coefficient* • «  « 

(  2  F 1  0 . 5  > 

3)  Three  lines  *  each  one  containing  : 

a  )  S I  GC(  1»J)  initial  confining  stress 
to)  A A(  1  »  J  )  Hypertclae  pa  ram e ter 

c)  BB(1tJ)  Hyperholae  parameter** . (3P10*6  ) 

to*  Material  ru  tuber  2 

This  aoterial  corresponds  to  a  stress  path  of 
the  type  extension  active  in  conventional  triaxiai 
equipment*  Three  stress  strain  curves  are  to  be 
supp lied* 

1  )  MM  number  2*******************  •••••  •••••••••(  15) 

2)  a)  P  R  (  2  )  Poissor  ratio 

to)  K0(2)  at  rest  earth  pressure  coefficient* • • • 

2F10.5 

3)  Three  lines  *  each  one  containing  : 
a)  £IGC(2»J)  confining  stress 

to)  AA(2»J)  hyperbolae  parameter 

c)  EB(2fJ)  hyperbolae  parameter.  .*....*(  3H0*6  ) 
c*  Material  number  3 

This  naterlal  corresponds  to  a  stress  path  of 
proportional  loading- com presion  active  test  in 
triaxiai  equipment.  Gne  stress  strain  curve  Is  to  be 
supplied*  For  the  proportional  loading  part  linear 
elasticity  is  used  and  lor  the  compression  active 
part  a  hyperbolic  relationship* 
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1  )  MM 

number  3***************  *  *  *  *  *  * • *  *  •••••••••(  15  ) 

2  )  a  ) 

P(  3  )  Modulus  of  deformation  for  the 

proportional  loading* 

b  ) 

AA(3»1  )  Hyperbolae  parameter 

c  ) 

BE(3y1)  Hyperbolae  deiinition****«*«(3MO*0) 

d  •  Material  rutnber  4 

This  material  behaves  linearly  elastic*  It  was 
used  for  the  retaining  structure* 


1  )  MM 

2  )  a  ) 

PJR(4)  Polssor  ratio 

b  ) 

K0(  4 )  at  rest  earth  pressure  coe f f ic ien t *  *  *  • 

(  2F1 0. 5  ) 

3)  E(  4  )  modulus  of  deformation..... . .(F10.6) 

e*  Material  number  5 

This  material  corresponds  to  a  stress  path  of 
the  tyre  compression  active  in  plane  strain 
apparatus*  Two  stress  strain  curves  are  to  be 
supp lied* 


1  )  MM 

2  )  a  ) 

P R ( 5  )  Polssor  ratio 

b  ) 

KOI  5  )  at  rest  earth  pressure  coefficient*..* 

2  F  1 0  •  5 

3)  Two  lines  each  one  containing 


a  ) 

£  1 GC(  5,1)  initial  confin ing  stress 

b  ) 

AA(  5 »J)  Hyperbolae  parameter 

c  ) 

Hyperbolae  parameter ••• ...**(3F10*6) 

f  • 


Material  number  6. 
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Similar  to  material  rvunber  4 
g*  Material  laimber  7 

This  n«ter  lal  corresponds  to  a  stress  path  of 
the  type  compression  passive  in  conventional 
tr  iaxial  equipment*  Three  stress  strain  curves  are 
to  he  supplied* 

1)  MM  number  7************** ••••••••••••••••••*(  15) 

2)  a)  P  JR  (  7  )  Poisson  ratio 

h)  KG{7)  at  rest  earth  pressure  coefficient. . . . 
( 2F10.5  ) 

3)  Three  lines  each  one  containing 


a  ) 

SIGC(7fJ)  confining 

stress 

b  ) 

AA(7fJ)  hyperbolae 

de  f  initicr. 

c  ) 

EB17.J)  hyperbolae 

definition** *  * 

h*  Material  number  8 

Similar  to  material  number  4*  It  »as  used  to 
define  the  properties  of  the  material  after  it  lias 
been  excavated 
i*  Material  number  8 

Similar  to  material  number  7  with  only  one 
stress  strain  curve  definition* 
j*  Material  number  10 

Similar  to  material  number  4*  It  was  used  to 
define  the  different  material  which  was  used  for 
grouting  the  struts  and  the  vertical  wall* 

4.  INITIAL  STRESS 


These  data  will  be  used  by  subroutine  I N  IT •  If  the 
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material  definition  Is  cf  the  type  4  the  initial  element 
stress  is  set  to  zero* 
a*  Gama  specific  weight 

h*  ZSFC  ordinate  cf  the  ground  surface •••••••••( 2F10* 3  ) 

5*  DESCRIPTION  CF  THE  PHASES  CF  CONSTRUCTION 

This  set  of  data  Is  required  by  subroutine  NLCAD* 
The  elements  which  will  be  excavated  and  the  a  me  s  which 
will  he  concreted  or  grouted  and  the  nodes  which  will  be 
loaded  have  to  be  specified*  The  nodal  load  is 
determined  from  the  elements  to  be  excavated  adjacent  to 
the  node* 

a*  1)  NFHASE  phase  number  »if  zero  it  indicates  the 

final  phase  was  defined  in  the  previous  cell  to 
N  LC  A  D • 

2)  NYl  number  of  nodes  vertically  loaded* 

3)  NXL  number  of  nodes  horizontally  l oad ed *  *  *  * ( 3  1 5  ) 
h*  nodal  load  definition 

1  )  vertical  load  definition  NYL  sets  of  two  lines 
a  )  NELI  number  of  elements  excavated  adjacent 
to  this  node 

b)  NNYL(I)  node  number* •**«*«*••••••• ••<«•( 215  ) 

c)  IELC J  )  * J  =  1 » NELI  elements  excavated  number) 
adjacent  to  NNYL(  I  )•••••••  ••••••••••••(  1015) 

2)  horizontal  load  definition  NXL  sets  of  two  lines 
similar  to  the  vertical  load  definition* 
c*  load  transfer 

The  program  allows  for  the  transfer  of 
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horizontal  loads  from  a  node1  to  two  ethers  by  beam 
effect.  This  feature  accomodate  the  existence  of 
sheet  piles  transferrins  their  loads  to  points  of 
contact  with  the  s true tu re. ( figure  A.l)  when  the 
deformation  of  the  wall  is  required. 

1)  NLD  number  of  nodes  which  will  transfer  the 
horizontal.  If  NLD  equals  tc  zero  no  more  load 
transfer  input  are  required. 

2)  a)  NA  upper  node  carrying  the  transferred  load, 
fc  )  NH  low er  node ••*•*••• •  ..••..••..••••••.1215  ) 

3)  NU  number  of  the  rode  which  will  have  its  load 

transferred  to  NA  and  NB.  NLD  lines  to  be 
supplied.. ••••••«••  ••....  ••«••  .....  .......  15  ) 

d.  element  material  redefinition 

1  )  N  ELC  A  numb e r  of  elements  excavated.  ••..•••••(  15) 

2)  IN EL  element  excavated.  After  this  phase  this 
element  will  be  of  type  number  8.  NELCA  lines  to 
be  supplied ....... ..(  £5) 

3)  NELCC  number  of  elements  changed  to  material 
number  8.  After  this  phase  this  element  will  be 
of  type  number  8. •••••••••••••  *.••••••••••••(  15) 

4)  INEL  element  number.  NELCC  lines  to  be  supplied. 
(  15  ) 

5)  NfcLCG  number  of  elements  changed  to  material 
number  10.  If  this  material  is  under  tension  in 
any  phase  it  will  have  a  small  value  assigned  to 


the  modulus  of  deformation 


(  15  ) 
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6)  INEL  element  number.  NELCG  lines  to  be  supplied* 
{  15  ) 

e  •  nodal  stress  redefinition 

This  set  cf  data  defines  the  nodes  which  will 
have  the  stresses  zeroed*  They  represent  the  nodes 
which  are  inside  elements  changed  into  concrete  f 
ercut  or  lave  been  excavated* 

1  )  NNC  number  of  nodes  •••  ••••  •••••  ••••  •••«•••••(  15  ) 

2)  J  node  number*  NNC  lines  to  he  s upp 1  i  e d  ••••*{  15  ) 
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g  a  rc  p  1  e  P  r  o  u  r  p  tr 

An  input  sample  is  listed  below.  For  the  load 
application  figure  A* 2  illustrates  the  procedure. 
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1 

0 

0  0 

0 

2 

SAPID 

18  A  N  SI  I 

SlbESS  IATH 

SI  80  L AT  10  K 

S ICC N I  HESB 

3  80 BI  PILE 

3 

326 

596 

10 

u 

1 

11 

0.0 

0.0 

0.  0 

0.0 

9 

5 

2 

10 

0.0 

7C0.0 

0.0 

0.0 

9 

6 

3 

10 

0.0 

1060.0 

0.  0 

0.0 

7 

7 

4 

10 

0.0 

1270.0 

0.0 

0.0 

7 

8 

5 

10 

0.0 

13  22.0 

0.  0 

0.0 

7 

9 

6 

10 

0.0 

1500.0 

0.0 

0.0 

7 

10 

7 

10 

0.0 

1700.0 

0.  0 

0.0 

7 

1 1 

8 

10 

0.0 

1900.0 

0.  0 

0.0 

7 

12 

9 

10 

0.0 

20  70.0 

0.  0 

0.0 

7 

13 

10 

10 

0.0 

2100.0 

0.0 

0.0 

7 

1 4 

1 1 

10 

0.0 

2400.0 

0.  0 

0.0 

7 

15 

12 

10 

0.0 

2500. 0 

0.0 

0.0 

7 

16 

13 

10 

0.0 

26  20.0 

0.  0 

0.0 

7 

17 

14 

10 

0.0 

2745.0 

0.0 

0.0 

7 

18 

15 

10 

0.0 

2800. 0 

0.  0 

0.0 

7 

19 

16 

0 

50.0 

1296.0 

0.0 

0.0 

7 

20 

17 

0 

50.0 

2095.  0 

0.0 

0.0 

7 

21 

18 

0 

50.  0 

2772.5 

0.0 

0.0 

7 

22 

19 

0 

100.0 

116  5.0 

0.0 

0.0 

7 

23 

20 

0 

100.0 

1270.0 

0.0 

J.O 

7 

29 

21 

0 

100.0 

13  22.0 

0-  0 

0.0 

7 

25 

22 

0 

100.0 

1411.0 

0.0 

3.0 

7 

26 

23 

0 

100.0 

1995.0 

0.0 

0.0 

7 

27 

24 

0 

100.0 

20  70.0 

0.0 

0.0 

7 

28 

25 

0 

100.0 

2100.0 

0.  0 

0.0 

7 

29 

26 

0 

100.0 

2250.0 

0.0 

0.0 

; 

30 

27 

0 

100.0 

26  80.0 

0.  0 

0.0 

7 

31 

28 

0 

10U.0 

2745.0 

0.  0 

3.0 

7 

32 

29 

0 

100. c 

2900.0 

0.0 

0.0 

7 

33 

30 

.  0 

150.0 

1296.0 

0.0 

0.0 

7 

39 

31 

0 

150.0 

2085.  0 

0.  0 

0.0 

7 

35 

32 

0 

150.0 

2772.5 

0.0 

0.3 

7 

36 

33 

0 

200.0 

9  00.  0 

0.  0 

0.0 

9 

37 

34 

0 

200.0 

1060.0 

0.0 

0.0 

7 

3  8 

35 

0 

200.0 

1270. 0 

0.  0 

0.3 

7 

39 

36 

0 

20U.  0 

1322.0 

0.0 

0.0 

7 

90 

37 

0 

2  00.0 

1c00.0 

0.  0 

0.0 

7 

4  1 

38 

0 

200.0 

1 7  CO. 0 

0.0 

o.c 

7 

42 

39 

0 

200.0 

1900.0 

0.  0 

0.0 

7 

93 

40 

0 

200. 0 

2070.0 

0.0 

0.0 

7 

4  U 

41 

0 

200-0 

2100.0 

0.  0 

0.0 

7 

45 

42 

0 

200.0 

2400.0 

0.0 

0.0 

7 

46 

43 

0 

200.0 

2500.0 

0.  0 

0.0 

7 

47 

44 

0 

200.0 

262C.0 

0.0 

0.0 

7 

98 

45 

0 

200.0 

2745. 0 

0.0 

0.0 

7 

49 

46 

0 

200.0 

2800.0 

o.c 

0.0 

7 

50 

47 

0 

250.0 

1296. 0 

C.  0 

0.0 

; 

51 

48 

0 

250.0 

2085.0 

0.  0 

o.a 

7 

52 

49 

0 

250.0 

2772. 5 

0.0 

J.O 

7 

53 

50 

0 

300.0 

1165.0 

0.3 

0.0 

7 

54 

51 

0 

300.0 

1270.0 

0.0 

J.O 

7 

55 

52 

0 

300.0 

1322.0 

0.0 

0.3 

7 

56 

53 

0 

300.0 

1411.0 

0.0 

0.0 

7 

57 

54 

0 

300.0 

1985.0 

0.0 

0.3 

7 

. 


• 
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58 

55 

C 

300-0 

23  70.0 

O.C 

0.0 

/ 

59 

56 

0 

300.0 

2100.0 

0.0 

J  •  0 

7 

60 

57 

3 

300-0 

2250. C 

0.0 

0.0 

/ 

61 

58 

0 

300.0 

2^  80. 0 

0.  0 

0.0 

7 

62 

59 

0 

300.0 

2745.0 

0.0 

0.0 

7 

63 

60 

0 

300.0 

2800.0 

0.  0 

0.0 

7 

64 

61 

0 

350.0 

1296.0 

O.C 

0.0 

1 

65 

62 

0 

350.0 

20  8  5.0 

0.  0 

0.0 

1 

66 

63 

0 

350.0 

2772.5 

0.0 

0.0 

1 

67 

64 

11 

400.0 

0.  0 

0.0 

0.0 

i 

68 

65 

0 

400.  0 

700.0 

O.C 

0.0 

9 

69 

66 

0 

400.0 

9  00.  0 

0.  0 

0.0 

9 

70 

67 

0 

4  0  0 . 0 

'  c  r  o .  o 

0.  0 

0.0 

7 

71 

68 

0 

400.0 

1270.0 

0.  0 

0.0 

7 

72 

69 

0 

400.0 

1322. 0 

0.0 

0.0 

/ 

73 

7  C 

0 

40C.0 

16  00.0 

0.  0 

0.0 

7 

74 

71 

0 

400.0 

17C0.0 

0.  0 

0.0 

; 

75 

72 

0 

400.0 

1900. 0 

0.0 

0.0 

7 

76 

73 

0 

400.0 

2070.0 

0.0 

0.0 

7 

77 

74 

0 

400.0 

2100. 0 

0.  0 

0.0 

7 

73 

75 

0 

400. 0 

24CC.0 

0.0 

0.0 

7 

79 

76 

a 

400.0 

2500. 0 

0.  0 

0.0 

7 

80 

77 

0 

400.0 

2620.0 

0.0 

0.0 

7 

81 

78 

0 

4  00.0 

2745.0 

0.  0 

0.0 

; 

82 

79 

0 

400.0 

2800. 0 

0.0 

0.0 

; 

83 

80 

0 

450.0 

1296. 0 

0.0 

0.0 

7 

84 

81 

0 

450.  0 

2085.0 

0.  0 

0.0 

7 

85 

82 

0 

450.0 

27  72. 5 

0.0 

0.0 

7 

86 

83 

0 

500.0 

1165. 0 

0.0 

0.0 

7 

87 

84 

0 

500.0 

1273.3 

0.0 

o.  0 

7 

88 

85 

0 

500.0 

1322.0 

0.0 

0.0 

7 

89 

86 

0 

500.0 

1411.0 

0.0 

0.0 

7 

90 

87 

0 

500.0 

1965.0 

0.0 

0.0 

7 

91 

88 

0 

500.0 

20  70.0 

0.  0 

0.0 

7 

92 

89 

0 

500.0 

2100.0 

0.  c 

0.0 

7 

93 

90 

0 

500.0 

2260.0 

0.  0 

0.0 

7 

94 

91 

0 

500.0 

26e0.0 

0.0 

0.0 

7 

95 

92 

0 

500.0 

2745.0 

0.  0 

0.0 

7 

96 

93 

0 

500.0 

28CC.0 

0.  0 

0.0 

7 

97 

94 

0 

550.0 

1296. 0 

0.0 

0.0 

; 

98 

95 

0 

550.0 

20e5.0 

0.  c 

0.0 

7 

99 

S6 

0 

550.0 

2772.  5 

0.  0 

0.0 

7 

100 

97 

11 

600.0 

0.0 

0.  0 

0.0 

9 

101 

98 

a 

600.0 

350.  0 

0.  0 

0.0 

9 

102 

99 

0 

600.0 

7C0.0 

0.  0 

0.0 

9 

103 

100 

0 

600.0 

900.0 

0.  0 

0.0 

9 

104 

10  1 

0 

600.0 

1060.0 

O.C 

0.0 

7 

105 

102 

0 

600.0 

1270.0 

0.  0 

0.0 

7 

106 

103 

0 

600.0 

1322.0 

0.0 

0.0 

7 

107 

1  04 

SJ 

600.0 

1500. 0 

0.  0 

0.0 

7 

108 

105 

0 

600.0 

1700. 0 

0.0 

0.0 

7 

109 

106 

0 

600.0 

1900. 0 

0.  0 

0.0 

7 

110 

107 

0 

600.0 

2070.0 

0.  0 

0.0 

7 

111 

1C8 

0 

600.0 

2100.0 

0.0 

0.3 

7 

112 

109 

0 

600.0 

2400.0 

0.0 

0.0 

; 

113 

110 

0 

600.0 

2500.0 

0.  0 

J « 0 

7 

114 

111 

0 

600.0 

2620.0 

0.0 

0.0 

7 

115 

1 12 

0 

600.0 

2745. 0 

0.  0 

0.0 

7 

116 

113 

0 

600.0 

2800. 0 

0.  0 

0.0 

7 

117 

114 

0 

650.0 

1296.0 

0.0 

0.0 

7 
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1 18 

115 

0 

650.0 

2085.0 

0.0 

0.0 

7 

119 

1 16 

0 

650. C 

7772.5 

0.0 

0.0 

7 

120 

117 

0 

700.0 

1165.0 

0.  0 

0.0 

7 

121 

1  18 

0 

700.0 

1270.0 

0.  0 

0.0 

7 

122 

119 

0 

700.0 

1322.0 

0.  0 

0.0 

7 

123 

120 

0 

700.0 

1011.0 

0.0 

0.0 

7 

12  0 

121 

0 

700.0 

1600.0 

0.  0 

0.0 

7 

125 

122 

0 

700.0 

1 8  CO. 0 

0.0 

0.0 

7 

126 

123 

0 

700.0 

1985.0 

0.0 

0-0 

7 

127 

120 

0 

700.0 

2070. 0 

o.c 

0.0 

7 

129 

125 

0 

700.0 

2100.0 

0.0 

0.0 

7 

129 

126 

0 

700.0 

225C.0 

0.0 

0.0 

7 

130 

127 

0 

700.0 

2680.0 

0.  0 

0.0 

7 

131 

128 

0 

700.0 

2745.0 

0.0 

0.0 

/ 

132 

129 

0 

700.0 
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1 

2 
1 

4 

5 
C> 

7 

8 
9 


COUPON  i:  (  1 3)  ,?R  (17)  ,1,0(10)  ,X(3rO)  ,  Y(  1r>0)  ,0(350)  ,V(350-)  ,7H(6D7)  , 
13TIF  (700 , 14C)  ,  AP  (700)  ,  K3HE  (6,6)  ,  KOI  ( 3,  3)  ,  Fl>  N  (  7,  6)  ,  53N  ( 1,  6)  ,  AS 
CO, I  NON  NUNNP,  NUN  EL,  NON  AT,  KODE  (3  5f!)  ,  N  ?  (  7,  *>00)  ,  PAX  (600)  ,  .1  FAN  0, 

1  Nl’  (},  1,  L  N  ( (>) 

CO  1  HON  KODE1  (750) 

COUPON  S  I  ?C(  10,  4)  ,  A  A  (  10,4)  ,B3  ( 10 , 4  )  ,  KO  ( 1  0)  ,ZSrC 

CO  1  NO  N  DS1GKL  {(>00,  3)  ,  3101  F!L  (600,  1)  ,0.510.7  (350,3)  ,SIG1A  (350,  7) 

CO  inn  N  1  5IT.KL  (60  0,3)  , TSIGA  (3  50,  3)  ,  ID  (700) 

CON  Nos  II V  (  7  50)  ,  VN  (  350)  ,  NNYL(25)  ,  NNXI.  (25) 


10 

COUPON  EE  (600)  ,  P!?T(60  0)  , T3IGEP (6 00 ,2 ) 

1 1 

COUPON  PilI,XK,XEP 

12 

CON  no N  01  (700) 

13 

DI  PENSION  XP(80,8)  ,YP(80,8)  ,  NTP  (80 )  ,  HG  (70)  , 

14 

IT  ITLE  (20)  ,  XG  (30)  ,  YG  (00)  ,  X?F  (10)  ,  YPF  (  10) 

15 

HEAL  KO 

16 

READ  (5,200)  IPRINT,NIPR1N,I PLOT,  NIPRIF 

17 

20  0 

FOLM  AT  (415) 

18 

CALL  REA7GS 

19 

R  EA  D  (  5,  4  5C)  NNT?,NPH 

20 

4  jO 

?  OE.NAT  (215) 

21 

W  riT?(6,  451)  NNTP 

22 

4  j1 

F  OF  n  AT (///, •  NUPBEH  OF  NODES  TO  BE  PLOTTED' 

23 

1//, 10X, ' NODES  NO' ) 

24 

READ  (5,452)  (  NTP  (I)  ,1=  1  ,  NNTP) 

25 

4j2 

FORHAI  (1  015) 

26 

W  RITE  (6,  457)  (NTP(I)  ,1=1, NNTP)  * 

27 

READ  (5,457)  (TITLE  (I)  ,1  =  1 , 20) 

28 

4  j7 

FOR  NAT  (2  0A4)  . 

29 

READ  (5,  450)  NNG  * 

30 

READ  (5,452)  (NO  (I) ,1=1 , NNG) 

31 

DO  456  1=1, NNG 

32 

NNN  =  NG  (I  ) 

33 

X  G  ( I)  =X  (NNN) 

34 

4  _>6 

YG  (I)  =  Y  (NNN) 

3  5 

DO  453  1=1, NNTP 

36 

J  =  NTP  (I) 

37 

X?(I,  1)=X(J) 

38 

4  j3 

YP(I  ,1)  =  Y  (J) 

39 

DO  80  L=  1, N  LQ 

40 

dJ 

TB  (L) =0. 

41 

CALL  SST 

42 

C 

43 

C  CALL  INITIAL  STRESSES 

44 

C 

45 

CALL  INIT 

46 

DO  59  H=1,NUnNP 

47 

TSIGA  (N,  1)  =S  IG I  A  (  N ,  1) 

48 

TSIGA  (N,2)=5IGIA  (H, 2) 

49 

j9 

TSIGA(P,  3)  =0. 

50 

DO  50  n=i , NOnEL 

51 

TSIGLL  (N  ,  1)  =S  IG  I  EL  ( N  ,  1) 

52 

T  SI  CEL  (n,2)  =  S I G I  E  L  ( n  ,  2 ) 

S3 

jO 

TS1GTL  (H,  3)  =0. 

54 

C 

55 

C  CALL  NEW  LOAD 

56 

C 

57 

>0 

CALL  NLOAD(NPI!ASE,NIPRIN) 

58 

IF  (NPHASK.  E0- 0)  GO  TO  91 

59 

4  1 

F  OF  n  AT  (///,  1  0  X  ,  1  9  !I  NODAL  POINT  OUTPUT,/// 

60 

11 H  , 59 H  NODE  NODE  X  COOPD  Y  COORD  X 

FORCE 


Y  PORCE 


61 

62 

63 

t>4 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

103 

104 

105 

106 

107 

108 

109 

110 

111 

112 

113 

114 

116 

116 

117 

118 

119 

120 
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2//) 

♦  J  FOLMATf  5X,  '  OUTPUT  OK  COMPLETE  NODAL  DATA  •) 

*  i  FORM  AT (1 4,  16,  FI  3.  3,  3F  12.  3,15) 

FORMAT  (/// ,10™,  1311  ELEMENT  DATA  ///, 

1  40  H  •  EL  EM  I  3  K  MAT  THICKNESS  //) 

C 

C  CALCULATE  PRINCIPAL  STRESSES 
C 

DO  51  M  =  1, NUM  EL 

SIC  (1=  (T5IGEL  (H,  1)  fTSIGEL  (M,2)  )/2. 

5  TC.D?=  (TSIGtL  (M  ,  1 )  -T5  ICE  L  (1,2)  )  /2. 
i<AD=S  jFT  (SIGD2**2»TSIGEL  (i1,3)  **2) 
r  SI  CEP  (M,1)=SIGM*RAD 
D  1  TSIGEP(M,  2)  =SIGM-RAB 

oO  F  OF  MAI  ( 1 H 1 , 5  X , ’TOTAL  PRI NCIP AL  ST R ES S ES » ,/, 5X , 

1*  EL  SIGX  SIGY  SIGXY  SIG 1 

bl  FORMAT  (SX,  15,  5F  10.4) 

C 

C  DIVIDE  THE  LOAD  IN  STEPS 
C 

DO  62  1=  1,  NUMNP 
U  (I)  =UN  (I)/4. 
b  2  V  (I)  =  VN  {  I)  /4. 

DO  70  I J  =  1 ,4 

COMPUTE  E  BEFORE  EACH  STEP 

CALL  DET3  (NIPRIE,NPHASE,  IJ) 

04  FORMAT  (1  !!1,  10X,  1  1HSTE?  NUMBER, 15, 

V,  1  IX,  1 6  ( •  *  ' )  ,///) 

IF  (IPRINT.NE.  1)  GO  TO  201 
V  RITE  (6,  64)  IJ 
WRITE  (6,40) 

WRITE  (6,  41) 

WRITE  (6,43)  (IJ,  KCDS  (N)  ,  X  (  H)  ,  Y  (N)  ,  U  (  N)  ,  V  {  N)  ,  KO  DE  1  (N) 
1N=1 , NUMNP)  ’  . 

W  SIT  E  (  6,  46) 

WRITE  (6,65)  (M,  (NR  (J,M)  ,J=1,3)  ,  M  AT  (M)  ,TH(M)  ,EE(M)  ,M 
65  FOFMAT  (14, 4 16 , B1 1 .4,F14. 3) 

2o1  CONTINUE 

c 

c 

C  UPDATE  STRESSES  AND  DISPLACEMENTS 

C  A  FIEF  EACH  STEP 

C  T  SIG  A  =  TOTAL  NODAL  STRESSES 

C  TSIGKL  =  TOTAL  ELEMENT  STRESSES 
C  TSICE  P  =  TOTAL  PRINCIPAL  STRESSES 
C  TB  =  TOTAL  NODAL  DISPLACEMENTS 
C  D I  =  DISPLACEMENT  FOR  EACH  INCREMENT 
C 

c 

CALL  csr 

DO  63  1=1, NUMNP 

DO  6  7  J=  1,  3 

u/  l'STGA  (I,J)=TSIGA  (I,J)  ♦D3IGA(I,J) 
o  3  CONTINUE 

DO  66  1=1 , NUMSL 
DO  68  J=  1,  3  • 

uo  TSICEL  (I  ,  J)  =  TSI G  S  L ( I , J)  ♦  DS  IC.EL  ( I,  J) 

Ob  CONTINUE 


SIG3  ') 


=  1 , N  UMEL) 


■ 


121 

122 

12  3 

124 

125 

1  ?6 

127 

120 

120 

1.30 

•131 

132 

133 

134 

135 

136 

137 

130 

139 

140 

141 

142 

143 

144 

145 

146 

147 

148 

149 

150 

151 

152 

153 

154 

155 

156 

157 

158 

159 

160 

161 

162 

163 

164 

165 

166 

167 

166 

169 

170 

171 

172 

173 

174 

175 

176 

177 

170 

170 

mo 


n  o  n  o  o  o  n 
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UO  69  I  =  1 , NEQ 
oi  TO (I) =10  (I) ♦ 01  (I) 

CALC IILATF  PRINCIPAL  STRESSES 

00  71  M=1 ,  NUflEL 

S  IGM  =  (TSIGEL  (1 ,  1)  ♦  TSIGEL  (fl  ,2)  )  /2. 

310  0  2=  (I  GIG  EL (  M,  1)  -TSI JXL(M,  2)  )  /2. 

R  Ai)  =  SQPT  (JIGD2**2+I5IGFL  ( N  ,  3 )  **  2) 

TSIGLP  (.'1,  1)  =  SIG.M+RAD 
71  TSIGE?  (K,2)  =SIGM-rfAD 
70  CONTINUE 

IF  (NIPRI  E.  EQ.  1  )  GO  TO  300 
I  P  (  NPHAS  E.  4  E.  NP  H)  JO  TO  660 
3  JO  W R1  TE  (6,6  0) 

WRITE  (6,  61)  (M,TSIJEL(M,1)  ,  TSIGEL  ( N  ,  2 )  ,  TSIGEL  (  N  ,3)  , 

IT  51GE?  (H  ,  1)  ,TSIGF?(K,2)  ,M=1,NUMFL) 

WRITE  (6,72) 

12  FORM AT (///, •  TOTAL  NODAL  DISPLACEMENT ') 

WRI TE (6,76) 

76  FORM  AT (///, •  NODE  NO • , 1 0 X , ' U • , 1 4X , • V  ' ) 

DO  75  1=  1 , N  UNNP 
I  7=1 *2 
IX=1Y-1 

1 5  WRITE  (6,  77)  I,TB  (IX)  ,TB  (IY) 

77  F  OR  EAT  (3  10,2F1  5.6) 

6u0  K  =  N  PRASE ♦ 1 

DO  454  1=1 , NNTP 
J  =  NTP  (I) 

I Y=J*2 
I  X= IY-1 

d:(=tb(ix)  *50. 

D  Y=TB  (I  Y)  *50. 

X?(I,S)  =  X  (J)  +DX 

4j4  Y?  (I  ,K)  =  Y  (J)  +DY  '  . 

6^0  FORMAT  (315, 4F15. 5) 

IF  ALL  THE  STEPS.  HAVE  BEEN  PERFORMED 
PROCEED  TO  THE  NEXT  PHASE 

GO  TO  90 
i\  WPI TE  (6,92) 

FOF MAT (//////////,'  UNREAL  EVERYTHING  FORKED  !  •) 

IF (IPLOT. HE. 1) GC  TO  455 

CALL  CGPL  (XG, YG, YG,NNG,  1  ,  1,  1, 4,  1,-20  0.,  200.,  2  4. , 

1-2  JO.,  200.,  16.,  TITLE,  6) 

DO  470  KL=1 , NNT  P 
X  PF  (  1)  =:<P  (KL,  1) 

Y PF  (1)=YP(KL,1) 

CALL  CGPL ( X? F , YPF, XPF ,  1 , 4 ,  1  ,  1  ,  1  ,  1  , -2 00. , 200.  ,2 4 . , 
1-2)0. ,200. ,16., TITLE, 6) 

4/0  CONTINUE 
s  p:i=N?i!M 
DO  453  1=  1, NNTP 
DO  453  K=1,N?H 
XPF  (K)  =  XP  ( I,  K) 

4 j 9  YPF  (K )  =Y?  (£  ,  K) 

43 1  CALL  CGPL (XPF, YPF, XPF, NPH, 1 39 , 1 , 1 , 4, 1 , -2 00. , 200. ,24. , 
1-2)0.  ,200. ,16. ,TITLF,6) 

CALL  CGPL  (XPF,  YPF,  XPF,  NTH,  0,  1,  1 , 4 , 1  , -200.  ,20  0.  ,24.  , 


101 

182 
103 
184 
105 
1  86 
187 
180 

189 

190 

191 
'192 

19  3 

194 

195 

196 

197 

198 

199 

200 
201 
202 

203 

204 

205 

206 

207 

208 

209 

210 
211 
212 

213 

214 

215 

216 

217 

218 

219 

220 
221 
222 
223 
22  4 

225 

226 

227 

228 

229 

230 

231 

232 

233 

234 
236 

236 

237 

238 

239 

240 


1-2  9  0. ,200. ,16,.,  TITLE, 6) 

4_>j  CONTINUE 
STOP 
END 

sub-routine  cot 

C 01  HON  E  (10)  ,PF  (10)  ,RO  (10)  ,X  (350)  ,  Y  (350)  ,U  (3  50)  ,  V  (350)  ,TH  (600)  , 

1ST  IF  {  700,  14  0)  ,  A?  (70  0)  ,281  IF  (6,6)  ,  EC  H  ( 3,  3)  ,  EBM  (  3,  6)  ,  FSM  (  3,  6)  ,  UT 
CO v  HON  NUMNP,NU.MEL,NUiMAT,KODE{350)  ,NP  (3,600)  ,  HAT  (600)  ,  MBAND, 

1  NFQ,H,LH  (6) 

COM  HOW  KODE1  (  350) 

CO  1  HON  SIGC  (10 ,4)  , AA (10 , 4)  ,  DB ( 1 0 , 4) , KO  (  1  0) , Z SFC 

CON  HON  DSIGEL  (600,3)  ,  S  IGIE  L  (600 , 3 )  ,  DSIGA  (  350,  3)  ,  SIGIA  (  360,  3)  ' 

TON  HON  TSIGEL  (  600,  3)  ,  TSXG  A  (  3  50,  3)  ,  TB  (700) 

CON  HON  UN  (3  50)  ,  V N  (350)  ,  NNY  L  (25)  , NNXL (25) 

COH  HON  EE  (6  00)  ,I»RT(600)  ,TS  IGE?  (600 , 2) 

CON  HON  rHI,XK,XEP 
CON  HON  DI  (700) 

REAL  KO 
C 

c 

CALL  ASTIP 
C 

CALL  RAND1 
C 

CALL  STRESS 

PETOHN 

END 

SUBROUTINE  ASTIF 
C 

C  THIS  SUBROUTINE  TAKES  EACH  ELEHSNT  IN  TURN  AND  FORHS  THE  ELEHENT  STIFF? 

C  MATRIX  ( 3  Y  CALLING  FLSTIF).IT  ASSEMBLES  THE  ELEHENT  STIFFNESSES  INTO 

C  K  ST  IF  ,  ASSEMBLES  THE  APPLIED  LOAD  VECTOR  (AP),  AND  HODIFIHS  THE 

C  ASS  EHBLAGES  FOP  DISPLACEMENT  BOUNDARY  CONDITIONS  (BY  CALLING  HODIFY) 

C 

COH  HON  2(10)  ,PR  (  10)  ,RO  (10)  ,X  (350)  ,.Y(350)  ,U(3  50)  ,7  (350)  ,TH{600)  , 

1 3  TIE  (700 , 140)  ,  A?  (700)  ,  ESTIF(6,6)  ,ECH  (3,3)  ,RbH  (3,6)  ,ESH  ("*,6)  ,WT 
C  01  HO  N  NU  HNP  ,  N  U  HEL,  NU  H  AT  ,  KODE  (350)  ,NP(3,  600)  ,MAT(60C)  ,  H  BAN  D, 

1  NEQ,  H,LH  (6) 

CO  1  HON  KODE1  (350) 

CON  HON  SIGC  (  10,  4)  ,AA  (  10, 4)  ,  D3  ( 1  0 , 4 )  ,  KO  ( 1  0)  ,2  SFC 

CO  1  HON  DSIGEL  (600, 3)  ,  3101  EL  (600,  3)  ,  DSIG  A  (3 50 , 3  )  ,  SIGIA  (350, 3) 

C 01. HON  TSIGEL  (6 00 , 3 )  ,TS  IG  A  (3 50 ,  3 )  ,  T B  (70 0) 

COMMON  UN  (  350)  ,  VN  (350)  ,NNYL(25)  ,  NNXL  (25) 

COIHON  EE  (600)  ,PHT(600)  ,TS  IGEP  (6  00 , 2  ) 

C  0  1  HON  PHI,XK,XEP 
CO"  HON  DI  (  700) 

REAL  KO 
C 

C  INITIALIZE  APPLIED  LOAD  7  ECTOR  AND  HASTER  STIFFNESS  MATRIX  AND  ECM 
C 

DO  1 0  T  -  1 , NEQ 
A  ?  (  I)  =0.0 
DO  10  .7=1,  MB  AND 
10  ST  IF ( I, J)  =0.0 

DO  20  1=1,3 
DO  20  J= 1, 3 
20  ECM  (I  , >7)  =0.0 

C  FORM  ELEHENT  'CONSTITUTES  MATRIX  (ECM)  IF  NU M A T  =  1 ) 

C 

IF  (SUM  AT.  NS.  1)  00  TO  3  0 
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K?i!  =  pn  ( i) 

COM  =  E  (1)/  (  (1.*EPR)*  (1.  -2.  *EP9)) 

comi=com*(i.-epr) 

COM2=COM*EPR 
EC.i  (i,  i)  — con i 
KCM  (2,  ?)  =COM  1 
SC*  (1,2) =COM2 
EC*  (2,  1)  =CC)M2 

SC*  (3,3)=E(1)/(2.*(1.*E?R)) 

C 

30  DO  45  (1=1  ,NUMSL 
C 

CALL  ELSTIF  (1  ) 

C 

C  A  SSEM3LE  ELSTIF  INTO  MASTER  STIFFNESS  MATRIX 
C 

DO  35  1  =  1  ,3 
12=2*1 

LM(I2)=2*NP(I,H) 

35  LM  (I2-1)=LM  (12)  -1 

C 

C 

DO  40  1=1,6 
1 1=  LM  (I) 

DO  40  J= 1,6 
JO=LM  (J) -II  +  1 
IF  (JJ.LE.0)  GO  TO  40 
STIF  (II  ,JJ)=  ST1F  ( II ,  J.1)  ♦  EST  IF  (  I,  J) 

40  CONT  INtfE 

c 

C  ADD  GRAVITY  LOADS  INTO  A?  VECTOR 
C 

DO  45  1=2,6,  2 
1 1  =  LM  (I) 

AP(II)  =A?(II) -»T 
4  5  CONTI  N HE 

C 

C  ADD  NODAL  LOADS  INTO  AP  VECTOR 
C  * 

DO  50  N=1,N0MNP 
N2=2*N 

A  ?  (  N2)  =AP  (N2)  ♦  V  ( N) 

50  A?  (N2-1)=AP  (N2- 1 )  *U  (N) 

C 

C  MODIFY  STIFFNESS  AND  LOAD  VECTOR  FOR  DISPLACEMENT  BOUNDARY  CONDITIONS. 
C 

DO  100  N=1 , NUMNP 
N  2=  2*N 

IF  {  MODE  (  N)  -  10)  00,70,60 

60  II=N2-1 

CALL  MOD I FY ( I I, N) 

CALL  MODIFY  (N2,N) 

GO  TC  100 
70  II=N2-1 

CALL  MODIFY  (I  I,  N) 

GO  10  10  0 

80  IF(K0DE(N)  .FQ.O)  GO  TO  100 

CALL  MODIFY  (N2  ,  N) 

1 Oj  continue 

c 


.101 
30? 
30  1 
304 
105 

306 

307 
10b 
109 

310 

311 

312 
113 

314 

315 

316 

317 

318 

319 

320 

321 

322 

323 

324 

325 

326 

327 

328 

329 

330 

331 

332 

333 

334 
315 

336 

337 

338 

339 

340 

341 

342 

343 

344 

345 

346 

347 

348 
149 
36C 
351 
362 
353 
364 


K  ETURN 
END 

3  0  LROUTIN  E  F.LST1F  (KOP) 

C  THIS  SUBROUTINE  FORMS  TI!E  ELEMENT  3TIPFNE3S  MATRIX  (E5T  IF)  OH 
C  ELEMENT  3TRE3S  MATRIX  (E5M)  FOR  THE  CONSTANT  STRAIN  TRIANGLE 
C 

C  01  MON  E  (10)  ,  PR  (10)  ,RO  (10)  ,X  (350)  ,  i  (  350)  ,  U  (.150)  ,  V(  360)  ,  TH(60  0)  , 
1ST  IF  (700,  140)  ,  AP  (700)  , SSTIF  (6,6)  ,ECM  (3, 3)  ,EBM(  3,6)  ,  ESN  (  3,6)  ,  WT 
COMMON  NUMNP,NUMKL,NUMAT,KODE(350)  ,NP  (3,600)  ,.’1AT  (600)  ,  M  B  A  N  D, 

1  NFQ,M,LM  (6) 

COMMON  KODE1  (  350) 

COM  ION  3IGC  (10,4)  ,AA{19,4)  ,  BB  ( 1 0 , 4 )  ,  KO  ( 1  0)  ,  Z  3  FC 

COMMON  DSIGEL  (600,3)  ,5IGIEL  (600 , 3)  ,  D  SIG  A  (  350  ,  3)  ,  SIG I A  (  3  50,  3) 

COMMON  TSIGEL  (  600,  3)  ,T3IGA  (.350,1)  ,  TB  (700) 

C  01  MON  UN  (350)  ,  VN  (350)  ,  NNYL  (25)  ,  NNXL  (25) 

COMMON  EE  (6  00)  ,  PH  T  (600)  ,TS  IGEP  (600,  2) 

COMMON  PHI,  XK,XEP 
COMMON  DI  (700) 

REAL  KO 
C 

DIMENSION  A  V  (  3)  ,BV(3) 

C 

DO  10  1=1,3 
DO  10  J=1 ,6 
10  EBM  (I,  J)  *=0.  0 
I  =N?  (1  ,3) 

J  =  NP(2,H) 

K  =  NP  (3  ,M) 

C 

C  FORM  ELEMENT  DIMENSIONS 
C 

A  V  (1  )  =X  (K)  — X  (J) 

AV(2)=X(I)-X(K) 

AV(3)=X(J)-X  (I) 

DY(1)=Y(J)-Y(K) 

BV  (2)  =  Y(K)-Y  (I) 

BV  (3)  =Y  ( I)  -Y(J). 

A  RF  A2  =  AV  (3)  *3V  (2  ) -A  V  (2)  *BV  (3) 

IF  (TH  (M)  .EQ.O.  )  TH(M)=1. 

V  OL=TH (R)  *AR  E A  2/2. 

IF  (VOL.  LE.O.)  GO  TO  75 
C  FORM  CONSTITUTIVE  MATRIX 
C 

IF  (NUMAT.EQ.  1)  GO  TO  .30 
NM=  MAT  (M) 

EPH=  PPT ( M) 

COM=EF  (M)/(  (1  «  ♦  EPR)  ♦(1.-2.  ♦EPR)  ) 

COM  1  =COM  *  (1.-EPR) 

C  JM2=COM*EPR 
EC M  (1,1)  =COM1 
ECU  (2,  2)  =COM  1 
EC M  (1,2) =COM2 
EC*'  (  2,  1)  =COM  2 

FCM  (3,3)=EE  (M)  /  (2. *  (1.  ♦EPR) ) 


355  C 

356  C  F  OF  M  ELEMENT  B  MATRIX 

357  C 

3^8  10  DO  40  1=1 ,3 

159  12=2*1 

360  12 M =2*1-1 


(EBM) 
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388 
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3  98 

399 

400 
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405 
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Knri  (i  ,i2 1)  -nv  (i  j/ahra2 

EDM  (2,  12)  =A  V  (  I)  /AREA2 
EPM  (3  ,I2M)  =  EBM  (2,12) 

40  EBM  (3,  12)  =  2BN  (  1,12M) 

C 

C  POP  M  ELEMENT  STRESS  MATRIX  (ESM) 

C 

DO  50  1=1,3 
DO  50  J=1 ,6 
ESI  (I,J)  =0.0 
DO  6  0  K=  1,3 

50  ESM  (I,J)  =  ESM  (  I,  J)  *-ECM  ( I,  K)  *E8M(K,J) 

C 

IF(KO?.EQ.2)  GO  TO  80 
IF (N0MAT.E2.1)  NM=  1 
WT=VOL*RO  (HM)  /  3. 

C 

C  FORM  ELEMENT  STIFFNESS  MATRIX  (ESTIF) 

C 

DO  70  1=1,6 
DO  70  J=1  ,6 
EST IF ( I,  J)  =0.0 
DO  60  K=1  ,3 

60  ESTIF  (I,  J)  =ESTIF  ( I,  J)  ♦EBM(K,I)  *ESM  (K,J) 

70  E  STI  F  (I  ,  J)  =E5TIF  ( I,  J)  *VOL 
GO  TO  80 

75  WRITE(6,  1000)  M 

CALL  EXIT 
80  RETURN 

C 
C 

ICjj  FOEKAT  ( 1 H 1  ,  1811  VOLUME  OF  ELEMENT  ,14,  188  IS  LESS  THAN  ZERO) 

C 

END 

SUBROUTINE  MODIFY  (I,N) 

C 

C  THIS  SUBROUTINE  MODIFIES  KSTIF  AND  A?  IF  A  DISPLACE  MENT  BOUNDARY  CONDITIOI 
C  j.  S  IMPOSED  IN  EQUATION  I  ASSOCIATED  WITH  NODAL  POINT  N 
C 

COMMON  E  (10)  ,  PR  (10)  ,  P.0  (10)  ,X  (350)  ,  Y  ( 3  50)  ,  U  (3  50)  ,  V  (  3  50)  ,TH  (500)  , 

1ST  IF  (700,  14  0)  ,  AP  (700)  ,  ESTIF  (6,6)  ,2CM  (3,  3)  ,  EFiM  (  3,  6)  ,  ESM  (3,6)  ,  WT 
COMMON  NUMNP, NUM£L,NUMAT,KODE (35 0)  , K P  (3 , 600)  , M AT  (6 00 )  , MBAND, 

1  N-Q,*!,LM  (6) 

COM  MON  KODE1  (350) 

COMMON  SIGC  (10,4)  ,  A  A  (10,4)  ,BB(10, 4)  ,  KO  (10)  ,7SFC 

COMMON  DSIGLL  (600,3)  ,SIGIEL  (600, 3)  ,D3IGA  (350,  3)  ,SIGIA  (350,  3) 

COMMON  TSIGEL  (600,  3)  ,TSTGA  (350,  3)  ,TB  (700) 

COMMON  UN  (3  50)  ,  VN  (35  0)  ,  NNYL(?5)  ,  NNXL  (25) 

COMMON  EE  (6  CO)  ,  PRT  (60  0)  ,TSIGEP  (600,  2) 

COMMON  PHI, XK, XEP 
CD'  MCN  DI  (700) 

REAL  KO 
C 

D IS  P=U  (N ) 

IF  (  (I-2*N)  .EQ.O)  DIS  P=  V  (  N) 

c 

DO  50  J=?,MPA.ND 
IL=  I  M- 1 
I  r;=i-j+i 

I  F  (  IU.LE.  0)  GO  TO  10 
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AP(IO)  =AP(IU)  -  5TIF(IU,.T)  *DISP 

stij-(h:  ,j)=o.o 

10  IF(IL.GT.NEQ)  GO  TO  50 

A  P  ( 1 1. )  =  A  P  ( 1  L )  —  STIF(1,  J)  *DI3P 
S  T  I F  {•  1 ,  3  )  =  0 . 0 
50  CONTINUE 

A  P  (I )  =  DI  SP 
ST  I F  { I,  1)  =1.0 
RETURN 
END 

SUrnOIJTIHK  BAND1 

c 

C  1'fiIS  SUBROUTINE  SOLVES  FOR  DISPLACEMENTS  USING  A  GAUSSIAN  ELIMINATION 
C  TECHNIQUE  FOR  SYMMETRIC  BANDED  MATRICES  STORED  IN  CORE 
C 

COMMON  E  ( 1 0)  ,  PR  (10)  ,  PO  (10)  ,  X  (350)  ,  Y  (  3  50)  ,U(3  50)  ,  V  {  350)  ,  Til  (600)  , 

1  A (700, 140)  ,  3(700), ESTIP (6,6)  , ECM (3,3)  , EDM (3 ,6) , ES 1 (3 ,6) ,WT 
CO"  MON  NUMNT,  EU  MEL,  NU  MAT  ,  KODE  (350  )  ,  N  P  (3,  600)  ,  M  AT  (  60  C)  ,  MM, 

1  NN  ,  M,  LM  (  6) 

COMMON  KOD31  (350) 

COMMON  S IGC  (  10,  4)  ,AA  (  10,  4)  ,BB  (10,4)  ,KO(10)  ,ZSFC 

COMMON  DSIG EL (600,3)  , SIGISL (600,  3)  ,DSIGA  (350,3)  ,SIGIA  (350,3) 

CO  1  MON  TSIGEL  (6  00 , 3 )  ,  TS IG  A  ( 3 50 , 3 )  ,  T D  (700) 

COMMON  UN  (  350)  ,  VN  (350)  ,NNYL(25)  ,NNXL{25) 

COMMON  EE  (  600)  ,PRT(600)  ,  TS  IGEP  (6  00 , 2  ) 

COIMON  PHI,XK,XEP 
COMMON  DI  (700) 

REAL  KO 
C 

C  1UI AHGULARIZE  AND  REDUCE  RIGHT  HAND  SIDE 
NL=  N  N-MM ♦  1 
N  M  =  N  N  - 1 
i  R=  M  M 
C 

DO  100  N  =  1 , NM 

IF  (A  (N,  1 )  .  LS.0.  )  GO  TO  700 
BN=P(N) 

B (M) =3N/A (N,1) 

IF  (N.GT.NL)  iMP^NN-N*  1 
C 

DO  ICO  L  =  2,  MR 

IF  (A  (N,  L)  .  EQ.  0.  )  GO  TO  100 
C=  A(N,L)/A(N,  1) 

1=  N>L-1 
J=  0 

DO  50  K=L, MR 
J=J  +  1 

50  A  (I  ,7)  =  A  (I  ,J)  -C*A  (N,K) 

B  (I)  =3  (I)  -C*  BN 
A  (N,  L)  =C 
10j  CONTINUE 
C 

C  3  AC  K  SUBSTITUTE 
C 

I  =N  N 
C 

B  (NN)  =3  ( N  N )  /  A  (NN,  1) 

DO  600  N  =  1 ,  N  T 
1=1-1 

IF  (N.I.T.MM) 


MK  =  NU 
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oo  600  .1=2, nn 
k  =  r  *.i- 1 

GOj  0(1)  =8(1)-  A(I,.7)*B(K) 

oo  30  1  =  1  ,nn 
jo  Di'ij=o(r) 

RETURN 

70 J  WRITE  (C ,  2900)  N 
CALL  EXIT 

20jJ  FORM  AT  (  1 110,  818  ZERO  OR  NEGATIVE  ELEMENT  ON  MAIN  DIAGONAL  OP  TRIA 
1  NG  II  LARI  ZED  MATRIX  FOR  EQUATION  ,15) 

C 

END 

SUBROUTINE  STRESS 
C 

C  THIS  SIJOrOUTINE  FORMS  THE  ELEMENT  STRESS  MATRIX  (53M)  ,  MULTIPLIES  BY 
C  THE  ELEMENT  DISPLACEMENT  VECTOR  (ELDISP)ANC  RECORDS  THE  STRESSES  IN 
C  SIGEL-  IT  THEM  COMPUTES  THE  PRINCIPAL  STRESSES  AND  D IR  ECT  ION  S  ( SIGP) 

C 

CO"  MON  Y  (10)  ,  PR  (10)  ,  RO  (10)  ,X  (350)  ,  Y  (350)  ,U  (350)  ,  V  (350)  ,TH  (600)  , 

1ST  IF  (700,14  0)  ,  AP  (700)  ,ESTIP  (6,6)  ,ECM  (3,  3)  ,  EBM  (  3,  6)  ,  ESH  (3,6)  ,  NT 
COMMON  NUMNP, HUNEL,NUMAT,KODE (350)  ,NP{3,600)  ,NAT(600)  , M  E AN  D, 

1  NEQ,M,LM  (6) 

COMMON  KODS1  (  350) 

COMMON  SIGC (10,4) ,AA (10,4) ,BB (10 , 4) , KO  ( 10) , Z SFC 

COMMON  DSIGEL  (6  00,3)  ,  3  IGTEL  (600,3)  ,  DSIG  A  (  350  ,  3)  ,  SI  31 A  (3  50,  3) 

COMMON  TSIGEL (600,  3)  ,TSISA (350,3)  , TB  (700) 

COMMON  UN  (350)  ,VN  (350)  ,NNYL{25)  ,  NNX  L  (25) 

COMMON  EE  (6  00)  ,  PR T  (600)  ,TSIGE?  (600,  2) 

COMMON  Pf!I,  XK,  XEP 
COMMON  D1  (7 CO) 

REAL  KO 
C 

DIMENSION  SIGFL  (600,3)  ,SIGP(600,4)  ,ELDISP(6)  ,SIGA{350,3)  , 

1  MOUNT ( 350) 

EQUIVALENCE  (  STIF  (1,  1)  ,SIGEL(1,  1)  )  ,'(  STIF  ( 1 , 4)  ,  SIGP  ( 1 ,  1)  )  , 

1  (STIF  (  1,8)  ,  SIGA  (1,1)) 

C 

DO  5  N=1, NUMNP  , 

KOUN1  (N)  =0 
DO  5  J=1, 3 
5  3IG A (N,J) =0-0 

C 

DO  100  M— 1 , N U M E L 

C  COMPUTE  ELEMENT  DISPLACEMENTS 
C 

DO  10  1=  1, 3 
12  =  2*1 

L  M I  2  =2  *NP  (I, M ) 

ELL'ISP  (I  2)  =  A?  ( L  M  I  2) 

10  2LDTSP  (12-1  )  =  AP  (L MI 2-1) 

C 

C  wOMPUTE  ELEMENT  STRESSES 

c 

CAI.L  BLSTI  F  (2  ) 

C 

DO  20  1=1,3 
S  I  5EL  (M,  I)  -0.0 
DO  2  0  .1=  1  , 6 

20  S  IG  EL  ( M,  1)  =  S I G T L  (1,  I)  ♦  S  JIM  { I  , .1)  *E.LDISP  ( J) 

C 
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C  ACCUMULATE  FOP  NODAL  STRESSES 
C 

no  3  0  K=  1  ,  3 
N  —  fl P  (K  ,M) 

K 0(1  N 1  (M)  -KO'INT  (N)  f  1 
no  10  1=1,1 

30  SIGA  (N,I)=5IGA  (N,I)  ♦  3IGEl(N,I) 

C 

C  -OMPUTE  ELEMENT  Pl(  I  NCI  PAL  ST  KEGS  ES  AND  DIRECTIONS 
C 

8 IG  M= (SI  GEL (M,1 ) *SIGEL (M, 2) ) /?. 

S  IGD2=  (SIGLL  (M,  1J-SIGEL  (1,2)  )/2. 

PAD  =SC.'RT(SIGD2**2  +-SIGEL  (M,  3)  **2) 

SIGP  ( M  ,  1 ) =  SIG,M«-  PA0 
3  IG?  (M,  2)  =  SIGT.-RAD 
3 1 G  ?  ( ;1 ,  3  )  =  KAO 

IF(SIG?(M,  1)  -LT. 0.01. AND. SIGP  (M,3)  .GT.-0.01)  GO  TO  700 
SIGP  (M,4)  =  0.  5*57. 29578* AT AN2  (SIGHT,  (M  ,3)  ,SIGD2) 

GO  TO  100 
10  0  S  IGP  (M  ,4)  =0. 

100  CONTINUE 

c 

C  FIND  AVERAGE  NODAL  STRESSES 
C 


DO  110  N=1 ,  NIIHN P 
RK=KOUNT  (N) 

DO  110  1=1,3 
S  IGA  (N,  I)  =  S  IGA  (N  ,  I)  /RK 
DO  47  M=  1  , NUMEL 
DO  47  1=1,  3 

4/  DSIGEL  (M,l) =-SIGEL(M,I) 
DO  48  N=1,NUMNP 
DO  48  1=1,3 

40  DSIGA  (N,  I)  =-SIGA  (N,  I) 
END 
C 
C 

C 

C  5 U3 ROUTINE  DETE 
C 

c 

c 


c 

c 

c 

c 

c 

c 

c 


SUBROUTINE  DETE  (tllPRIE,  'I  PH  AS  E,IJ) 


THIS  SUBROUTINE  DETERMINES  E  FOR  EACH  ELEMENT 


COM  IMO 'I  E  (10)  ,PR  (10)  ,  KO  ( 1 0 )  ,  X  (350)  ,Y  (150)  ,U  (350)  ,  V  (150)  ,TT!(600)  , 
1STIF  (700, 140)  ,  AP  (700)  ,ESTIF(6,6)  ,  FCH  (3,  3)  ,  EDM  (3,  6)  ,  E3M  (3,6)  ,  WT 
COMMON  Nil  MNP,  NUMEL,  NUM  AT,  KODE  ( 150)  ,  HP  (1,600)  ,  M  AT  (6  00 )  ,  M  R  AN  D, 

1  NS?,M,I.M(6) 

COMMON  KODE1  (  350) 

COMMON  SIGC  (10,4) ,AA(10,4)  , 3R (10, 4) , KO  (10) ,  2  3  FC 

COMMON  PSl-SKL  (6  00,3)  , 3 IG IEL  (600 , 3)  ,  DSIGA  (  3  50  ,  3)  ,  GIG  I  A  (  3  50,  3) 

CO"  MON  TSTGEL  (  6C0,  1)  ,TSIGA  {  150,3)  ,  T1  (700) 

COMMON  IJ  N  (150)  ,  V  N  (390)  ,NNKL(25)  ,  NNTL  (25) 

CO  :MOM  i'E  (..00)  ,  Pi-  £  (60  0)  ,T  S  IG EP  (60  0,  ?.) 
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coifing  Pll  I,  XK  ,  X  EP 
CMHMON  DI  (700) 

REAL  KO 

EP1  (510  3 ,3101  ,  \A,  3D)  =  A  A*  (3  I«  1-31(53)/  (1.  -  (3IG  1-5103)  *DB) 
21  (/  A,  OP,  FEP1  ,  PR)  -2.*  PH*  A  A*  100./  ( A  A*  PB*FEP  1)  **2 
Ei>2  (SI<;1,  3IG1, 31031, 3I31I,AA,  30)  =  A  A  *  (  (SIG3-SIG1)- 
1  (3IC3I-JI01I  )  )/  (1.-  (  (SIG3-SIG1)  -  (SIG3I-SIG1I)  )  *PB) 
E2(AA,L'H,  PEP2)=AAM0  0./(AA*-flU*FEP2)  *  *  2 
EP5  (3IG3,SXOl,S10  3I,31G1I,AA,BD)  =A  A  *  (  (SIG1-S1G3)- 
1  (SIG1I-JIG3I)  )/  (1.-  (  (5IG1-SIG3)  -  (3IG1 1-31G3I)  )  *DD) 

E5 ( A  A,  8P,F2?5,?)=  (AA*109./(AA  +  3B*FE?5)  ♦  *2)  *P*(1.  +  ?) 

EP7 (SIG3,SIG 1, \A,3D)  =AA * (SIG 1-SI3 3) /  (1.-  (SIG 1 -SIG  3 ) *  DO) 
E7(AA,3il,F5?7)=AA*100./(AA  +  BE*FE?7)**2 
IF  (KIPF1E.  h’Q.  1)  GO  TO  450 
IF  (NPUASE.NE.  7)  GO  TO  451 
IF  (I  J.  NE  .  4)  G  0  TO  451 
4  jO  WRTTS{6,  105) 

iJO  FORMAT (1  HI ,5 X, ' NEN  ST  BEGS  STRAIN  PARAMETERS’ ,//, IX, 

1'  EL  1  AT  SIGX  IN  SIGY  IN  SIG  1  SIG3', 

26X,  ’ SIGX  SIGY  ETANGENT’) 

4j1  CONTINUE 

DO  999  1= 1 , N  UN  EL 

PRINCIPAL  STRESSES 

S2=TSIG2P  (M,  2) 

31  =  TSIG2P  (M,1 ) 

5  3=S  1-S2 
T 1 =5IGI 2 L  (N , 1 ) 

T  2  =  SIGIEL  (N,  2) 

MATERIAL  NUN  BEE  1 

IF  (NAT  (M)  .NE.  1)  GO  TO  1 
?  R  T  (N)  =  PR  (1  )  ‘  . 

V  1  =  SIGC(  1,  1) /KO  (1) 

V2  =  SIGC  (1  ,2  )  /KO  (1) 

V  3=S  IGC  (  1 ,  3)/KQ(1) 

CHECKING  WHERE  3IGKA3  INITIAL  STANDS 

IF(SIGIEL (N, 1) . LT.SIGC (1, 1) )GO  TO  33 
IF(SI3IEL(K,1) .GT.SIGC(1,3))  GO  TO  31 
IF  (S1GIEL  (.1,1  )  .GT.SIGC  (1 ,2)  )  GOTO  32 
C 

C  JU  ALWAYS  IS  A  VALUE  OF  DEVIATOR  3TRE3S  APOVE 
C  WHICH  IT  IS  TOO  CLOSE  TO  FAILURE. 

C  IF  THAT  HAPPENS  F  VALnE  IS  ASSUMED  A  V  FRY  SMALL 
C  VALUF  TO  AVOID  PROFLEMS  WHEN  CALCULATING  EPSILON1 
C 

SU=0.  95/DD(  1,  1) 

A  5= SI GC  (1  ,1 ) 

A  0=5  IGC  (  1,  ^) 

IF  fS3.G?.SU)  GO  TO  41 
X  S  E  P  1  ( 3  2 ,  S  1 ,  A  A  (1,  1)  ,03  (1,  1)  ) 

E  S-  E  1  (  A  A  (  1 ,  1)  ,50(1,1)  ,X3,PR{1)) 

10  0  F Of  M AT  (5  ?1  6  .  r>) 

GO  TO  42 
41  2  S=2  0. 

‘III*  0.  )5/3U(  1,  ?.) 
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I  V  (Sl.iJT.  SU)  00  TO  41 
XB=EP1  (32,31 ,  AA  (1 ,2) ,3B  (1, 2) ) 

EB=E1(AA(1,2)  ,38(1,?)  ,XP,PR(1)) 

0  0  TO  99 
43  ED=20. 

C 

c 

C  E  NTERPOLATI  NO  E  VALUE 

C  IF  SIGH  A 1  INITIAL  SHALL  EF  THAN  THE  ANY  OF  THE  TESTS 
C  USE  STRESS  STRAIN  CURVE  WIIFRE  A-A(1,1) 

C  6  FUNCTION  ON  PHI  A?4D  SIOHA  VERTICAL 
C  FOR  THIS  PARTICULAR  CASE  S I N  ( Piil)  =  .  6  42 
C  IF  SIGMA3  INITIAL  GREATER  THAN  ANY  OF  THF  TESTS 
C  USE  STRESS  STFAIN  CURVE  POR  THE  GREATEST  5IGNA3 
C 

c 

99  F.E  (M)  =  (EB*  (SIGIFL  (M,  1)  -  AS)  +ES*  ( AB-SIGIEL  (il,  1)  )  )/(AB-AS) 
GO  TO  10 

82  S H=  0. 95/BD  (1,2) 

A  S=SIGC  (1  ,2) 

A  B=S  IGC  (  1,  3) 

IF  (S3.GT. SO)  GO  TO  44 
XS=EP1  (S2,3  1,AA(1,2)  ,BB  (1,2)) 

ES=E1(AA{1,2)  ,3B  ( 1, 2)  ,XS,PR(1)) 

GO  TO  45 
*♦4  ES=20. 

45  SU=  0.95/BB  (1  ,3) 

I  F  (S  3.  GT.  SU)  GO  TO  46 

XB  =  E  PI  (32,  SI  ,  A  A  (1 ,3)  , BB(1,3)  ) 

EB=  El  (AA  (1,3)  ,EB  (1,3)  ,XB,?R  (1)) 

GO  TO  59 

46  EB=20. 

GO  TO  99 

81  3  U=  0.  95/88  (1,3) 

I  F ( S  3- GT. SU) GO  TO  40 
XX=EP1  (S2, SI  ,AA  (1,3)  ,BB(  1,3)) 

SE(M)  =  E1  (AA  (1,3),3B  ( 1 , 3  )  ,  X  X  ,  PR  (  1)  ) 

GO  TO  10 

83  3E=  (1.».  642)/^2.  *.642*12) 

3iJ=.95/3E 

I  F  (  S  3.  GT.  SU)  GO  TO  40 
X  X=E  P 1  (S2,S1  ,  AA  (1  ,1  )  ,  BE) 

EE(.H)=E1(AA(  1,  1)  ,3S,XX,PR(  1)  ) 

GO  TO  10 
40  EE(H) =20. 

GO  TO  10 
C 

C  MATERIAL  NUMBER  2 
C 

1  IE (HAT (H) . NE. 2) GO  TO  2 
P FT  (H)  =P R  (  2) 

S3=-S3 

I  F  (TSIGEL  (H  ,  2)  .  GT.TSIGEL  (H  ,  1) )  GO  TO  101 
TEHP=S2 
S  2-3  1 
S 1  =  I E  M  ? 

G  1 T  “  S  1 

U1  V  1  -SIGC  (2,1)/KO(2) 

V  2=  S  IGC  (  2,  2)  /K 0  (  2) 

V  1  =  (2 , 1)  /KO  (2) 


781 

782 

783 

78  4 

795 

786 

787 

788 

789 

790 

791 

792 

7«3 

794 

798 

796 

797 

798 

799 

800 

801 

802 

8C3 

804 

805 

806 

807 

808 

809 

810 

811 

812 

813 

814 

915 

816 

917 

819 

8  19 

320 

821 

822 

923 

924 

825 

826 

327 

928 

829 

830 

331 

332 

933 

8  34 

835 

836 

83  7 

83  3 

339 

840 
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3IGMA3  SMALLER  THAN  TEST  1 

13  38=0.95*  (  (T1-T2)  *1./H3  (2, 1)  ) 

IF(S3.GT.SU)  GO  TO  40 
XX  =  EP2(8  2,S1,T1,T2,AA(2,1),BB(2,1)) 

IF  (XX)  3  3  1  ,3  3  1,3  32 
3J 1  XX=0. 

Jj2  EE  (M)  =  E2  (A A  (2, 1  )  ,BB  (2,1)  ,XX) 

GO  TO  10 

MATERIAL  NUMBER  3 

2  I  F  ( 1  AT  (M )  .HE.  3)  GO  TO  3 

V  1  =  SIGI E L  (M  ,2 ) 

PRT  (M)  =TR  (  3) 

T3=  (I2-T2) *0.95 

IF  (S  3.  LT.  T3)  GC  TO  31 

IF  DE  VI  ATOP  STRESS  GREATER  THAN  INITIAL  DEVIATOR  STRESS 
USE  STRESS  STFAIN  CURVE  DISPLACED  BY  INITIAL  DEVIATOR  STRESS 

SU=1.00*  ( (T2-T1)  ♦  1./B3 (3,  1) ) 

IF  (S3.GT.  SU)  GO  TO  61 
X  X  =  EP2 (SI ,32 ,T2  ,T1 , A A  (3,  1)  ,  2B (3,  1)  ) 

EE  (M)  =  E  1  (  A  A  (  3 ,  1)  ,3B(3,  1)  , XX,  PR  (3)  ) 

GO  TO  10 
61  EE  (M) =20. 

GO  TO  10 

IF  DEVIATOP.  STRESS  LESS  TRAN  INITIAL  DEVIATOR  STRESS 
USE  E  FOR  LOADING  UNLOADING  ACCORDING  TO  THIS  STRESS  PATH 

31  E E (M ) =E  (3 ) 

GO  TO  10 

MATERIAL  NUMBER  4 

3  IF  (MAT  (M)  -NE.^)  GO  TO  4 
EE  (M) =£  (4) 

PRT  (M)  =P R  (  4) 

GO  TO  10 

MATERIAL  NUMBER  5 

4  IF  (MAT  (M)  .  NE.5)  GO  TO  5 
PRT  (M)  =? 3  (  5) 

V1=SIGC  (S,1)/KO  (5) 

V  2  =  S  IGC  (  5,  2)  /K 0(5) 

IF  (SIGIFL  (M,1  )  .  LT.JIGC  (5  „  1)  )  GOTO  51 
IF  (SIGIEL  (M,  1  )-GT.3IGC  (5,2)  )  GO  TO  51 

INTERPOLATION  OF  E 

SU=0.95*  (  (T2-T1 )*1./BB  (5, 1) ) 

A  :>  =  S  IGC  (5,1) 

AF>=SI  GC(  5,  2) 

IF (S3.GT.2.)  GO  TO  63 

IF(S2.LT.O.)  GO  TO  6  3 

X3=Er5  (S?  ,S1  ,T1  ,T2  ,  A  A  (5  ,  1)  ,Bn(5,  1)  ) 


78  1 

782 

787 

784 

795 

706 

787 

788 

709 

790 

791 

792 

7«3 

794 

79  8 

796 

797 

798 

799 

80  0 

801 

802 

8C3 

804 

805 

806 

807 

808 

809 

810 

811 

812 

813 

814 

815 

816 

317 

818 

819 

32  0 

821 

822 

923 

824 

825 

926 

327 

928 

829 

930 

3.11 

332 

33  3 

8  14 

335 

Rif 

83  7 

83  9 

9  19 

840 
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GI0.NA3  5MA  LLER  THAN  T  E  J 1'  1 

13  JlJ  =  0. 95*  (  (T1-T2)  *1./BD  (2, 1) ) 

I  F(S3.  r.T.  SO)  GO  TO  40 
XX=EP2(S2,31,T1,T2,AA  (2, 1)  ,  B  B  (2,  1)  ) 

IF  (XX)  33  1  ,3  31,3  32 
3J 1  XX=0. 

Jj2  RE  (M)=E2  (A A  (2,1 )  ,  BB  (2,1)  ,XX) 

GO  TO  10 

MATERIAL  HUMBER  3 

2  I  F ( M  AT  (M )  .ME.  3)  GO  TO  3 

V  1  =  SIGI E  L  (M  ,2 ) 

0RT  ( M)  =P R  (  3) 

T3  =  (I2-T2) *0.95 

IF  (S  3.LT. T3)  GC  TO  31 

IF  DE  VI  ATOP  STRESS  GREATER  THAN  INITIAL  DEVIATOR  STRESS 
USE  STRESS  STRAIN  CURVE  DISPLACED  BY  INITIAL  DEVIATOR  STRESS 

SU=1.0Q*((T2-T1)  +-1./B  3(3,1)) 

IF  (S3.GT.  SU)  GO  TO  61 
X  X  =  EP2 (SI ,52 ,T2  ,T1 , A  A  (3,  1)  , 3B  (3, 1) ) 

EE(M)  =E1  (AA  (3,  1)  ,  3B  (3,  1)  ,XX,P3  (3)  ) 

GO  TO  10 
ol  EE  (M) =20. 

GO  TO  10 

IF  DE7IAT0R  STRESS  LESS  TRAN  INITIAL  DEVIATOR  STRESS 
USE  E  FOR  LOADING  UNLOADING  ACCORDING  TO  THIS  STRESS  PATH 

31  E  E  (M  )  =E  (3  ) 

GO  TO  10 

MATERIAL  NUMBER  4 

3  IF  (MAT  (M)  .HE/4)  GO  TO  4 
EE  (M)  =E  (4) 

PRT  ( M)  =P  H  (  4) 

GO  10  10 

MATERIAL  NUMBER  5 

4  IF  (MAT  (M)  .  N  E .  5 )  GO  TO  5 
PRT  ( M)  =?3  (  5) 

V  1  =SIGC  (5,1  )/KO  (5) 

V  2=S  IGC  (  5,  2)  /KO  (5) 

IF  (5IGIEL(M,  1  )  .  LT.jIGC  (5, 1)  )  GO  TO  51 
IF  (SIGI  EL  (M  ,  1 )  .  GT.  3IGC  (5,2))  GO  TO  51 

INTERPOLATION  OF  E 

3U=  0. 95  * ( (T2-T1 J ♦ 1 . /B B  (5, 1) ) 

A  :>  =  S  IGC  (5,1) 

A  P  =  S  I  GC  (  5,  2) 

I F (S3. G 1.2. )  GO  TO  63 

I F ( S  2. LT. 0. ) GO  TO  61 

X  G  =  E  F  5  ( S  2  ,  S 1  ,  T 1  ,  T  2  ,  A  A  ( 5  ,  1)  ,2n(5,  1)) 


<  &  . 


8  41 

842 

84  3 

844 

845 

846 

84  7 

848 

84? 

8r>0 

881 

852 

85  3 

854 

855 

856 

357 

858 

859 

360 

861 

862 

863 

864 

365 

866 

867 

868 

869 

870 

871 

872 

37  3 

374 

875 

076 

877 

878 

879 

330 

381 

382 

883 

334 

885 

386 

88/ 

898 

3T9 

390 

89  1 

8  92 

8°  3 

394 

895 

3  96 

397 

898 

895 

900 
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IF  (XS)400,400,401 
4ju  TS=0. 

4m  1  KS=E5  (AA  (5,1)  ,HB  (5,  1)  ,XS,PR  (5) ) 

G 0  TO  64 
o3  E  S=  2  0. 

o 4  S 0  =  0. 95*  (  (T2-T1)  ♦1./BB  (5,2)  ) 

IF  (S3.GT.  2.  5)  GO  TO  65 
IF  (S2 . 1.  C.  0.  )  GO  TO  65 
XM=EP3{G2,S1,T1,T2,AA  (5,2)  ,PB  (5,2)  ) 
IF  (XR)  402,402,403 
4m2  XH=0. 

4w 3  E3=E5(AA(5,  2)  ,88(5,2)  ,XB,PR(5)) 

GO  T099 
o5  Efl=20. 

GO  TO  99 


IF  3IGHA3  GREATER  THAN  THE  GREATEST  OF  SIGMA3  IN  THE 
TESTS  ASS'JHE  THE  S  A  IE  STRESS  STRAIN  C'JRVE  SHIFTED 
BY  INITIAL  DEVIATOR  STRESS 


51  IF (S2. LT. 0. ) GO  TO  62 
SH=T2 

IF (S3.GT. SU) GO  TO  62 

£YOI  =  7.696*(T1/1.  033)  **0.  9436 

A E- 1 ,/E YOI 

BE=  (0.  25  +  AE*  (T2-T1-T2)  )  /(.  25*  (T2-  (T2-T1)  )  ) 
XX=E95(32,S1,T1,C2,AE,BE) 

IF  (XX)  404,404,405 
4  m4  X<=0. 

4m5  EE  (H)=35  (AS, BE, XX, PR (5) ) 

GO  TO  10 

62  EE  (M) =20.  *  . 

GO  TO  10 

3  AT  EF IAL  NUHBE8  6 

3  I F ( HAT (1) . NE. 6) GO  TO  6 
EE  (M)=E  (6) 

PRT  (H)  =  PR(6) 

GOTO  10 

HATEPIAL  NUH3ER  7 

o  IF  (HAT  (H).  ME. 7)  GO  TO  7 
PRT  (H)  =?R  (7) 

CHECKING  WHERE  SIGH  A3  STANDS 

IF  (S2.LT.SIGC  (  7,  1)  )  GO  TO  73 
IP  (S2.CT.SIGC  (7,3)  )  GO  TO  71 
IF(S2-GT.SI3C(7,2)  )  GO  TO  72 

IF  S IGH  A  3  IS  IN  BET.)  SEN  TETS  1  AND  2 

811=0.95/33(7,  1) 

\ S  =  SI GC  (7,1 ) 

A  B=5 1  SC (  7,  ’) 

IF  (Sl.GT.SU)  GO  TO  66 
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90  1 

X3=EP7  (S2,S1,AA  (7,1),DB(7,  1)) 

902 

IF  (TS)  30  1,  101, 302 

903 

3j1 

XS=0. 

904 

3j2 

ES=E7(AA(7,  1)  ,  BP  {  7,  1)  ,  X3) 

905 

GO  TO  67 

906 

46 

E3- 20. 

907 

o/ 

Sliz  0.  95/t3B  (7,2) 

908 

I  f  (33.GT.SU)  GO  TO  68 

909 

XB  =  EP7  (32,31  ,AA  (7,2)  ,BB  (7,2) ) 

9  10 

IF (X  B)  303,303,304 

911 

3-3 

'<  B=  0  . 

912 

3—4 

EB  =  E7  (AA  (7,2)  ,3b  (7,2)  ,XB) 

913 

GO  TO  89 

914 

o  8 

5  B  =  2  0. 

915 

GO  TO  09 

916 

C 

917 

C  IF  SIGHA3  STANDS  IN  BETWEEN  TESTS  2  AND 

9  1  0 

C 

919 

72 

STJ=  0.  95/BB  (7,  2) 

920 

A  S=SIGC (7,2) 

921 

A  B=S  IGC  (  7,  3) 

922 

IF  (S3.GT.3U)  GO  TO  84 

923 

XS=EP7(32,S1,AA  (7,2)  ,3B  (7,2)) 

924 

IF  (X3)  305,305, 306 

925 

3-5 

X  3=  0  . 

9  26 

3-6 

E3=E7  (  AA  (7,  2)  ,  B 3  (  7,  2)  ,  XS) 

927 

GO  TO  85 

928 

3  4 

ES=  20. 

929 

85 

3U=0. 95/BB  (7,3) 

930 

I  F  ( S  3.  GT.  SB)  GO  TO  86 

931 

XB  =  SP7  (32,31 ,AA  (7,3)  , BB  (7,3) ) 

932 

IF  (XB)  307,307,308 

933 

3-7 

X  3=  0. 

934 

3J8 

EB=E7  (A A  (7,3)  ,3B  (7,3)  ,XB) 

9  35 

GO  TO  89 

936 

8  6 

K3  =  2  0. 

937 

GO  TO  89 

9  36 

C 

4 

939 

C  IF  3IGMA3  GREATER  THAN  IN  TEST  3 

940 

C 

941 

71 

SU=0.  95/33(7,  3) 

942 

IF  (S3. GT. SB)  GO  TO  95 

943 

XX  =  FP7(32,S1,  A  A  (  7,  3)  ,BB(7,3)) 

94  4 

IF  (XX)  309,309,  310 

945 

3-9 

X  X-  0 . 

946 

3IJ 

EE(X)  =?.1  (AA(  7,  3)  ,  SB  (  7,  3)  ,XX) 

94  7 

GO  TO  10 

948 

C 

949 

C  IF 

'  5IG  ,1  A3  SMAILES  THAN  IN  TEST  1 

950 

C  USE  STRESS  STRAIN  CURVE  WHERE 

951 

C  D 

F UNCI I ON  OF  PHI  AND  SIGMA  HORIZONTAL 

952 

C  A 

FUNCTION  OF  SIGMA  1  ,  X<  AND  XEP 

953 

C 

954 

73 

I  F  { S  2.  LT .  0.  5)  GO  TO  95 

955 

A12=1./(XK*1. 933  *(32/1. 0  13)  **XKP) 

966 

9  E=  (1.-SIN  (PHI)  )/(2.*S2*5IM  (PHI)  ) 

967 

.';•?  =  0.  9 5/ BE 

958 

IF  (S3.ar.3U)  GO  TO  95 

950 

X  X  =  EP  7  ( 3  2 , 3  1 ,  A  2 ,  3  2) 

Pf  0 

1  r  (>•  <)  J 1  1  ,3  1  1  ,  1 12 

96  1 

962 

963 

9f.U 

965 

966 

967 

968 

969 

970 

971 

972 

973 

974 

975 

976 

977 

978 

979 

980 

981 

982 

983 

984 

965 

986 

9  87 

988 

989 

990 

99  1 

992 

993 

994 

995 

9^6 

997 

998 

999 

1000 

1001 

1002 

1003 

1004 

1005 

1006 

1007 

1008 

1009 

1010 

1011 

1012 

1013 

10  14 

1015 

10  16 

1017 

1  ()  1  8 

10  19 

102  0 


o  o  o  o  o  o 
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3iJ  xx  =  o. 

312  EE  (1)  =  (E 7  (AP,UE,XT)  )/100. 

00  TO  10 
93  p K (M ) =20. 

<;n  to  io 

0)  EE  (M)  =  (FB*  (TSIGEP  (M,2) -A3)  »E3*  ( AB-T3  IGEP  (M,  2)  )  ) 

1/ (AB-AS) 

GO  TO  10 

1  AT  EE  I AL  NUMBER  8 

7  I F  (  M  AT  (N)  .NE.  8)  GO  TO  8 
PKT  (M)  =PR  (8) 

EE(K)  =  E  ( 8) 

GO  TO  10 

MATERIAL  NUMBER  9 

<3  IF  (MAT  (M)  .  NE.9)  GO  TO  200 
I?  (S2.LT.  0.  2)  GO  TO  103 
PP.T  (M)  =?R  (9) 

3E=  {  1.-1.  14  3* SIN  (Piil)  )  /(2.*S2*1.  143* SIN  (PHI)  ) 

SU= 0.75/Bt 

I F ( S  3. GT. 5U) GO  TO  103 
XX=EP7  (S2  ,S1  ,  AA  (9,1)  ,  BE) 

EE  (M)  =  E7  (A A  (9,1), BE, XX) 

GO  TO  10 
103  EE  ( M) =20. 

GO  TO  10 

2JU  ?PT(M)=PR(10) 

E E  ( X )  =F{  10) 

IF  (T3IGEL  (3, 1  )  .  IT.  0.  )  EE(M)  =10. 

1J  IF ( N IPPIE. EO.  1)  GO  TO  993 
IF  (NPHASE.NE.7)  GO  TO  999 
IF(IJ.KE.*0  GO  TO  999 

9  id  SRI  IE  (6,93)  M,  M  AT  (M)  ,3IGIEL(M,1)  ,  S  IG IFL  (M,  2)  ,  TSIGEP  (M  ,  1 )  , 

ITS  IGEP  (M ,  2)  ,  T.S  J GEL  (.1 , 1 )  , TS  IGEL  («  ,  2)  ,  EE  (M) 

9  3  FORM  AT  ( 1 X ,  21 5,  6 F 1 0.  3,  F  1 4 . 3) 

999  CONTINUE 
RETUFN 
END 
C 
C 

c 

C  3  UB  ROUTINE  INIT 

c 

c 

c 

SUBROUTINE  INIT 
C 

c 

C  .ills  SUBROUTINE  CALCULATES  THE  INITIAL  STRESSES 
C  THE  NODES  AND  ELEMENTS 
C 
C 

CO”  MON  E(10)  ,  PR  (  1  3)  ,  RO  (  1  0)  , X  ( 350)  ,  Y  (  3  50)  ,  U(  3  50)  ,  V(  350)  ,TU(600)  , 
1311  F  (  /00  i  14  0)  ,  A  T  (  70  0)  ,  ESTIP(6,6)  ,  ECM  (3,3) , FBM  (3,6)  ,  ESM  (3,6) ,  JT 
C)  1  MON  'll' MNP,  NUMFL,  NUMAT,KODE  (  350)  ,  NP  (3,  600)  ,  MAT  (600)  ,  M  BAN  D, 

1  N  7  f  ,  M  ,  L  1  (6) 

conn  xonBi(3»0) 


1021 

1022 

1023 

1024 

1025 

1026 

1027 

1028 

1029 

1030 

1031 

1032 

1033 

1034 

1035 

1036 

1037 

1038 

1039 

1040 

1041 

1042 

1043 

1044 

1045 

1046 

1047 

1048 

104° 

1050 

1051 

1052 

1053 

1054 

1055 

1056 

1057 

1058 

1059 

1060 

106  1 

1062 

1063 

1064 

1065 

1066 

106  7 

1068 

1069 

1070 

107  1 

107? 

1073 

10  74 

107* 

1 0  7( 

1077 

1078 

1079 

1030 


n  n  n  non  nn^n  n  n  n 
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COM  404  J1GC  (10,4)  ,AA  (10,4)  ,UR  (10,4)  ,  KO  {  10)  ,Z3FC 
C  VI MO 4  0 JIG  PL  (600,3)  ,3IGISL{600,3)  ,  D  3 1 G  A  (350,3)  ,  SIGI  A  (350 , 3) 
COMMON  T  810  EL  (6  00,3)  ,1310  A  (3  50,  3)  ,TC  (700) 

COMMON  UN  (  750)  ,  V.\*  (350)  ,NNYL(25)  ,NNXL(25) 

COMMON  RE  (6  00)  ,  I>P.T(  600)  ,T3IOF.P  (600,2) 

COMMON  PHI , XK , X  EP 
COMMON  01  (  700) 

REAL  KO 

READ  SPECIFIC  WEIGHT  AND  ELEVATION  OF  THE  GROUND  SURFACE 

READ  (5,13)GAMA,Z5PC 
W  RITE  (6,  10)  GAMA  ,7.3  FC 

10  FORMAT (// ,5  X,' SPECIFIC  W EIGHT  • , F 1 0.  5,/, 5X, •  HEIGHT* , F 1 0. 3) 

13  FORM  AT (2F10. 3) 

IF  THE  MATERIAL  ELEMENT  IS  CONCRETE 
SET  INITIAL  STRESSES  =  0 

DO  1  M -  1 , N U M  EL 

IF  (MAT  (M)  .NE.4)  GO  TO  2 

SIGIEL  (M,  1)  -0. 

SIGIEL  (M,2) =0. 

SIGIEL  (M  ,  3)  =0. 

GO  TO  1 

INITIAL  ELEMENT  STRESSES 


*  I  -UP  (1  « M ) 

J  =  NP  (2,M) 

E  =  NP  (3  ,M) 

Y  EL=  ( Y  ( I)  *Y  (J)  *Y(K)  )  /3. 

DEPTII  =  Z3FC-YEL 
SIGIEL  (H,  2)  =G  AM  A*  DEPTH 
M  ATN  =  M  AT  (  M) 

SIGIEL  (1,  1)  =SIGIEL  (M,2)  *KO  (MATN) 
S  IGIEL  (M,  3)  =0. 

I  CONTINUE  • 

INITIAL  NODE  STRESSES 

DO  3  M=1,NUMNP 
IF  (KODE1  (M)  .  N  E.  4)  GO  TO  4 
SIG  I  A (M, 1 ) =0. 

S  IGIA  (M,  2)  =0. 

JIG I  A  (M, 3) =0. 

GO  TO  3 

.*  DET>1H  =  Z3FC-Y  (M) 

S  I  GIA(M,  2)  =  G  A  M  A  *  D  EP  T  U 
M  ATN  =  KODE1  (  M) 

S  IG  I  A  (M ,  1  )  -  J  I G I A  (M  ,  2  )  *  KO  (MATN) 
SIGIA(M,  3)  =SIGIA(M,  2) -SIGIA  (71,1) 
j  CONTINUE 
RETURN 
END 
C 
C 

c 

C  SUP  KOI)  TINE  NLO\D 

C 


1081 

1082 

10H  3 

1084 

1085 

10  06 

1007 

1088 

1089 

1090 

109  1 

1092 

1093 

1094 

1095 

1096 

1097 

1098 

1099 

1100 

1101 

1102 

1103 

1104 

1105 

1106 

1107 

1108 

1109 

1110 

1111 

1112 

1113 

1114 

1115 

1 1  16 

1117 

1118 

1119 

1120 

1121 

1122 

1123 

1124 

1125 

1126 

1127 

1128 

1129 

1130 

1131 

1 1  12 

1133 

1134 

1 135 

1 1  36 

11.17 

1  1  38 

1  1  39 

1140 


nnnon  ooooonnonn  on 
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JIIDRPUTJ  NK  NI.OAD(NPHASE,  N I  PR  IN) 

COM  HO N  K  (10)  ,  PK  (10)  ,RO  (10)  ,X  (350)  ,  Y  (  3  50)  ,  II  (  3  50)  ,  V  (  3 50)  ,  Til  (600)  , 
1STI  F  (  700,  14  0)  ,  A?  (  700)  ,E3TIF  (6,6)  ,  EC  8  (  3  ,  3)  ,EB  M  (3  ,6 )  ,  FSM  ( 1,6  )  ,  WT 
CO'*  fir  N  MU MNP,  NHMEL,  NU MAT, KOBE (350)  ,  NP  (3,  600)  ,  M  AT  (600)  ,MDAND, 

1  NFQ,M,LM  (6) 

COMMON  KODE  1  ( 350) 

C  0  1  MON  81 GC  (10,4) ,  AA (10,4)  , BB ( 1 0 , 4 ) , KO ( 1 0) , Z 3FC 

Common  PSIGLL  (6  00,3)  ,51  JIEL  (600,3)  ,  OSIGA  (  350, 3)  , SIGIA  (350,  3)  • 

COMMON  T3IGEL  (6  00,  3)  ,T3IGA  (  3  50, 3)  ,  T3  (700) 

C 0  1  MON  l*N  (3  50)  ,VN  (JSQ)  ,NNYL(25)  ,NNXL  (25) 

COMMON  EE  (6  00)  ,PRT  (600)  ,TSIGEP  (600, 2) 

COMMON  P  H I,  XK , X  EP 
C01  MON  DI  (700) 

DIMENSION  SIGNB  (350,2)  ,  IEL(20) 


THIS  SUBROUTINE  DETERMINES  THE  NEW  LOADS  DUE  TO  ANOTHER 
CONSTRUCT!  ON  PHASE- IT  CHANGES  THE  MATERIAL  PROPERTIES  FOR 
THE  MATERIAL  WHICH  HAS  BEEN  REMOVED  OR  CONCRETE  WHICH 
HAS  BEEN  POORSD 


DO  35  1=1 , NUMNP 
S  IGNR  (I,  1)  =0. 

SIGNR  (1,2)  =0. 
n  n  ( i)  =o. 
j5  V  N (I ) =0. 

R  £  A  D  ( 5,  1)  NPHASE,NYL,NXL 
IF  (NPHA3E.5J.0)  RETURN 
W  S1TE(6,  2)  NPUASE 

2  FORMAT  (1  HI,/, 5  ( 1 X ,6 0 (•*•),/), 2 ( IX, 20  (**»), 20X,  20  (•*•),/), 
11X, 20  (•*'),•  PHASE  NUMBER* ,13, 2X, 20  {'**),/, 2( IX, 

220  ( *  *  ')  ,  20X,  20. (  '  *  *)  ,/)  ,  5(1X,60(**')  ,/)  ,//////) 

XYL  NUMBER  OF  NODES  LOADED  VERTICALLY 
NNYL  NODE  NUMBER  WHICH  WILL  EE  LOADED 
N  EL  I  NUMBER  OF  ELEMENTS  INVOLVED  IN  THIS  NODE 

DO  40  1=1, NYL 
READ  (5,1  )  NELI  ,  N  NYL  (I) 

READ{5,  1)  (IEL(J)  ,J=1,NELI) 

N  N  =  M N  Y L  (I) 

DO  4  1  K  =  1,  NEL  I 

4l  SIG MR  (NN,2) =5IGNR (NN,2)  «-T3 IGEL ( I  EL (K) , 2) 

XN--VELI 

SIGNP  ( NN  ,  2  )  =  SIGNR  (NN,2)/XN 
W  R  I T  E  (  6 ,  4?)  N N  ,  S I G N R  ( N  N  ,  2 ) 

4z  F  Or  M A  I (//, '  NODE  NO  ',15,'  SI3Y  R EMO V E D* , FI  0. 5 ) 

WRI  TE  (6,60) 

40  FORM  AT (/, *  ELEMENTS  INVOLVED') 

NR1  TF(6,  3)  (IF.L(.I)  ,J=1,NELI) 

40  CONTINUE 
C 

c  N  XL  NUMBER  OF  NODES  LOADED  KORIZOhT  ALLY 
C  ,1  NX  L  NODE  NUMBER  MUCH  WILL  UK  LOADED 
C  NELi  NUMBER  OF  PLEMENTS  INVOLVED  IN  THIS  NODE 


1141 

C 

1142 

DO  5  0  1  =  1, NXL 

1141 

R  EA  D  ( 5,  1)  N  EL  I, !l  N XL  ( I) 

1  144 

READ  (5,1  )  (ILL  (J)  ,  J=1  ,  NELI) 

1145 

N  N  =  N  N  XL  {  I) 

1146 

DO  51  K= 1 , NELI 

1147 

J 1 

SIGNH(NN,  1)  =  S I G  N  P  (NN,  1)  ♦TSIGEL  (IEL  (K)  ,1) 

1148 

X  N  =  N  E  LI 

1149 

S  IGNP  (  NN  ,  1)  =  S IG NR  (NN  ,  1)  /XN 

1150 

WRITE  (6,52) NN,SIG NR (NN, 1) 

1151 

j2 

FORMAT  (//,'  NODE  NO  ,,It’#'  SI3X  RENOV ED ' , F  1 0 

1152 

H  R  IT  E  (  6,  C  0) 

1153 

WRITE  (6,1)  (IEL  { J)  ,0=1,  NELI) 

1154 

50 

CONT  IN  HE 

1155 

1 

P  ORMAT  (1  015) 

1156 

WRITE  (6,  80) 

1157 

oO 

FORMAT  (/,5X,  '  NODES  LOADED  liORIZ') 

1158 

WRITE  (6,  3)  (NNXL  (I),  1=1,  NXL) 

1159 

J 

FORMAT  (/,  5X,  517) 

1160 

WRITE  (6,4) 

1161 

FORMAT (/, 5X, ' NODES  LOADED  VERT') 

1162 

WRITE  (6,  1)  (NNYL(I)  ,1=1,  NYL) 

1163 

DO  5  1=1  ,  NIIM  N  P 

1 164 

c 

1165 

c 

LOADS  IN  THE  X  DIRECTION 

1166 

c 

1 1  67 

DO  6  .1=1, NXL 

1168 

XLOAD=0. 

1169 

IF  (I.EQ.  HNXL(J)  )  GO  TO  7 

1170 

GO  TO  6 

1171 

c 

1172 

c 

CHECK  IF  IT  IS  THE  LAST  NODE  AFFECTED 

1173 

c 

1174 

7 

IF(J. EO. NXL)  GO  TO  9 

1175 

c 

• 

1176 

K  =  HNXL  (J  ♦  1) 

1177 

DL=Y  (K)-Y  (I) 

1178 

c 

1179 

c 

W 

HECK  IF  THE  ADJACENT  NODE  HAS  HIGHER  STRESSES 

1180 

c 

1131 

IF  (SIGNR  (K,  1  )  .GT.  3IGNR  (I,  1)  )  GOTO  10 

1132 

X  B=S  IGNF.  (I,  1  ) 

1183 

X S=  SIGNR  (K ,  1) 

1184 

XLOAD  =  X3*DI./2  •  »2./3.  *0.  5^(XD-XS)  *  DL 

1185 

X  LO  A  D=  XLO  AD*TH  (1) 

11  36 

GO  TO  9 

1187 

10 

XD=SIG  NR  (K, 1 ) 

1188 

XS  =  S  IGN  R  ( I,  1) 

1  1R9 

XLOA  D  =  XS  *DL/2 . ♦ 1 . /3.  *0.5*(XB-XS)  *  DL 

1190 

XLO  AD=XLOAD*TH  (1) 

119  1 

c 

119? 

c 

c 

HECK  I?  IT  IS  THE  FIRST  NODE  AFFECT  ED 

11°? 

c 

1194 

J 

Ir’  (J.SC-  1)  0  9  TO  12 

1 1 9  5 

K=\NXL  (J  -1) 

1 1  96 

DL=Y  (T  )-  Y  (X) 

1197 

c 

1198 

c 

J 

HECK  TF  TIE  ADJACENT  NODE  HAS  HIGHER  STRFSSES 

1199 

c 

12  90 

IK  (SIGNR  (K,  1  ) -GT.  SIGN  J  (I,  1)  )  GOTO  11 

1201 

XB=SIGNR (1,1) 

120? 

:(S=SIGNR  (K,  1) 

1203 

<LOAD=XLOAD*  (XS*DL/2. *2. /3 . *0. 5 * ( X  B- X5)  * DL ) *T H ( 1 ) 

1204 

00  TO  12 

1205 

11  XR  =  SIGNR(K,  1) 

1 2  Ofs 

X3=S1GNR  (1,1 ) 

1207 

XL0AD=XL0AD*(XS*DL/2.  ♦1./3.*.5*  (  XB- XS)  *D  L)  *TH  ( 1 ) 

1208 

12  04  (1) =-XL0AD*1.  1 

1209 

o  CON  TINfTE 

1210 

C 

1211 

C 

LOADS  IN  THE  Y  DIRECTION 

1212 

c 

1213 

DO  13  J=1,NYL 

1214 

Y  LG  AD=0. 

1215 

IF  (I.EQ.  NHTL(J)  )  GOTO  14 

1216 

c 

1217 

c 

CHECK  IF  IT  IS  THE  LAST  NODE  AFFECTED 

1218 

c 

1219 

GO  TO  13 

1220 

14  IF(J.EQ.NYL)  GO  TO  17 

1221 

K  =  N  NYL  (.70) 

1222 

DL=  X  (K)  -  X  ( I) 

1223 

c 

1224 

c 

CHECK  IF  THE  ADJACENT  NODE  HAS  HIGHER  STRESSES 

1225 

c 

1226 

IF(SIGNK (K, 2) .GT.SIGHH (1,2) )  GO  TO  16 

1227 

Y3  =  SIG NR  (1,2) 

1228 

YS=5IGNR ( K, 2 ) 

1229 

YLOAD=YS*DL/2.  ♦2./3.*0.  5*  {  YB-YS)  *DL 

1230 

YLOAD=YLOAO*TH (1) 

1231 

GO  TC  17 

1232 

16  YP=SIGNP  (K,  2) 

1233 

YS=SIGNR  (1,2) 

1234 

YLOAD=YS*DL/2. ♦ 1./3.*0. 5*  (YD-YS) *DL 

1235 

YLOAD  =  YLOAD*TH (  1)  • 

1236 

17  I F ( J.  EQ.  1)  GO  TO  18 

1237 

K  =  N  N  YL  (»7  —  1) 

1238 

D  L=  X  (I )  —  X  (K) • 

1239 

c 

1240 

c 

CHECK  IF  THE  ADJACENT  NODE  HAS  HIGHER  STRESSES 

1241 

c 

1242 

IF  (3IGNR  (K,2)  .GT.  5IGNR  (1,2)  )  GOTO  19 

1243 

Y  B=S IGNR  (1,2) 

1244 

YS=SIGNK  (K,  2) 

1245 

Y  LGAD  =  Y  LOAD*  {  YS*DL/2.  ♦2./3.  *0.  5*  (Y  D-Y5)  *  DL)  *TH(1) 

1246 

GO  TO  19 

1247 

n  YB=SIGNR (K,2) 

1248 

Y  j-S  1GM R  (I,  2) 

1249 

Y  Lt)AD  =  YLOAD*  ( Y3*DL/2. ♦ 1  ./3 . *0. 5*  (YB-YS)  *BL)  *TH  (1) 

1250 

Id  V  N ( I ) =  YLO  A  J 

1251 

13  CONTINUE 

1262 

j  CONTINUE 

125  3 

c 

1264 

c 

1255 

c 

IF  THERE  IS  ANY  TRANSFER  OF  NODAL  LOADS 

12  6  6 

c 

DUE  TO  GEOMETRICAL  CONFIGURATION  ENTER  NLD 

12  57 

c 

NUMBER  01  NODES  WHICH  WILL  HAVE  THE  LOAD 

1260 

c 

T2ANSFKMED  OTHERWISE 

1259 

c 

12'>0 

c 

' 


■ 


i?r  i 

1  2b  2 

1 .7  63 

i?r.4 

1265 

12  66 

1267 

1268 

1269 

12  70 

1271 

1272 

1273 

1274 

1275 

1276 

1277 

1278 

1279 

1280 

1281 

1282 

1263 

1284 

1285 

1286 

1287 

1288 

1289 

1290 

1291 

1292 

1293 

1294 

1295 

1296 

1297 

1298 

1299 

1300 

1301 

1302 

1303 

1304 

1305 

1306 

1  307 

HOP 

1309 

1310 

1311 

1312 

1313 

1314 

1316 

13  16 

1317 

1318 

1314 

1330 
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READ  (5,1 ) NLD 
WRIT"  (6,  501)  NLD 

5j1  P  0!  MAT  (//,  5  X ,  '  N'lHHEN  OF  NODES  WHICH  W  TU.  HAVE 
1 ' THE  LOAD  TRANSFERRED* ,15) 

IF (HLD.EQ. 0) GO  TO  502 
READ  (5,1  )  NA,  NB 
W  R  IT  E  (  6,  50  3)  N  A,  ND 

5JJ  K  or  f!  A  T  (//  ,5  X  ,  *  NODES  CARRYING  THE  LOAD', 2110) 

DO  504  1=1, NLD 
READ  (5,1)  Nil 
W  PIT  E  (  6,  505)  NO 

5J5  FORMAT  (// ,  5  X  ,  *  NODE  UNLOADED*  ,  15) 

C 

c 

C  T  PANSFER  THE  LOAD  OP  NODE  NO  TO  NODES  NA  NB 

C  Y  (N  A)  HAS  TO  BE  GREATER  THAN  Y  (NB) 

C 

c 

X  X  A  =  Y  (NA)  -Y  (NU) 

X  XL=  Y (NA) — Y  (  NB) 

EP=UF  (NO)  *'<XA/XXL 
K  A=  ON ( NO) -RB 
ON  (N  0)  =0. 

ON  (NA)  =!JN  (N  A)  +  RA 
5u4  ON  (NB)=WN  (NB)  *RB 
Sub  FORMAT(4F10.  5) 

WPITF  (6,21)  (1,0  N  (I)  ,VN  (I)  ,1=1,  NO  MNP) 

5o2  IF (NIPFIN.NE. 1 ) GO  TO  666 
W  RITE  (6,  20)  NPHASE 

2 0  FORMAT  (//, 5 X, 'NODAL  LOAD  FOR  PHASE  NOMBER',15, 

1///, 5X, ' NODE  HORIZONTAL  VERTICAL*) 

WRI  TE  ( 6 , 2  1)  (I  ,  0  N  ( I)  ,VN(I)  ,I  =  1,NUMNP) 

<;1  FORMAT  (5X,I5,2F10. 5) 

C 

c 

C  ELEMENTS  TO  BE  CHANGED 
C 

c  * 

6oo  READ  (5,22) NELCA 
WRITS  (6,  26) 

_o  FORMAT  (/,5X, • ELEMENTS  WHICH  WILL  BE  REMOVED*) 

22  FORM  AT  (15) 

IF  (NELCA.  E0.0)  GO  TO  27 
DO  23  1=1 , NELCA 
K  EAD  (5,  22)  IN  EL 
WRITE  (*,22)  I  NEL 
TSIGEL  (INEL,  1)  =0. 

T3IGEL  (I  NEL, 2)  =0. 

TSIGEL  (INEL,  3)  =0. 
z)  MAT  (INEL)  =8 
2  7  E  EAD  (5,  3  2)  NEL CC 
WRI IE  (6,28) 

FORM AT(/, 5X, *  ELEMENTS  WHICH  WILL  BE  CHANGED  TO  CONCRETE*) 

IF(NELCC.Ev).O)  GO  TO  3  1 

DO  24  1= 1 , N ELCC 

P  FAD  (5,  22)  INEL 

WRI TE  ( A , 2  2  )  INEL 

1  AT  (  IN  EL)  =4 

T 31  OKI.  (I  NEL,  1  )  =0. 

TSIGEL  ( INEL,  2)  =0. 


. 


1321 

1322 

13  23 

1  324 

1325 

1326 

1327 

1328 

1329 

1330 

1331 

13  3  2 

1333 

13  34 

1335 

1336 

1337 

1338 

1339 

1340 

1341 

1342 

1343 

1344 

1345 

1346 

1347 

1348 

1349 

1350 

1351 

1352 

1353 

1354 

1355 

1356 

1357 

1358 

1359 

1360 

1361 

1362 

1363 

1364 

1365 

1366 

1367 

1368 

1369 

1370 

1371 

1372 

1373 

1  374 

1375 

117  6 

1377 

1378 

1379 

1360 

% 


n^r,  ono  n  o  n  n  o  o  n  n  n  n 
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-4  TSI G E L  (I  MEL,  3)  =0. 

HEAD  (5 ,2?)  NELCG 
K  RITE  (6,  70) 

7J  F  fir.  HAT  {/,5X,  •  ELEMENTS  WHICH  HILL  DS  GROUTED*) 
IF(NELCG.EU.O)  GO  TO  31 
PO  71  1=  1 , M  ELCG 
READ  (5,22) INEL 
T5  1GEL  ( IN  EL,  1)  =0. 

TSIGEL  (INEL, 2)  =0. 

T3IGEL  (IUEL,  3)  =0. 

WP1TE  (6,22)  INEL 
71  MAT (INEL) =10 


NODES  WHICH  WILL  HAVE  THE  STRESSES  ZEROED 

CONCRETE  JUST  POURED  OR  CONCRETE  SOIL  REMOVED  INTERFACE  NODES 


WRITE  (6,29) 

29  FORMA.T(/,  5X,  '  NODES  WHICH  WILL  HAVE  THE  STRESSES  ZEROED*) 

READ (5,22)  NNC 
IF (NNC.EQ.O)GO  TO  32 
DO  25  1=1, NNC 
READ  (5,22)  J 
W  RITE(6,  22)  J 
TS1GA  (J,1  )=0. 

TSIGA  (J,  2)  =0. 

<.5  TSIG A (J, 3) =0. 

3  2  RETURN 
END 

SUBROUTINE  SST 

THIS  SUBROUTINE  BEADS  STRESS  STRAIN  PARAMETERS 

COM  MON  E  (10)  ,  PR  (10)  ,RO(10)  ,X  (353)  ,  Y  (350)  ,  U  (350)  ,  V  (350)  ,111(600)  , 
1ST  IF  (700, 14  0)  ,  AP  (70  0)  ,ESTIF  (6,6)  ,ECM  (3,  3)  ,  EBM  (  3,  6)  ,  F.SM  (  3,  6)  ,  WT 
COMMON  N'JMNP,NUM£L,NUMAT,KODE(350)  ,N?(3,600)  ,MAT  (600)  ,  NQAND, 

1  NE  Q , M, L  M  (6  )  * 

COMMON  KODE1  (3  50) 

COMMON  SIGC  (10,4) ,AA (10,4)  ,PR(10,4) , KO(10),ZSFC 

COMMON  PSIGEL  (6  00,3)  ,SIGIEL  (600,3)  ,  DSIGA(350,  3)  ,  SIGIA  (  350,  3) 

COMMON  TSIG  EL  (600,  3)  ,  TSIGA  (  350,  3)  ,  TR  (700) 

COMMON  UN  (3  5C)  ,  VN  (350)  ,  NNX L  (25)  ,  NNXL  (25) 

CO'*  MON  EE  (600)  ,  PRT  (600)  ,TS  IGEP  (600 , 2) 

COMMON  ?  HI, XK , X  EP 
COMMON  DI(700) 

REAL  KO 

ailD  AND  WRITE  STRESS  STRAIN  PARAMETERS 

WT?TTE(C,  40) 

*0  F  OI  MAT  ( 1 .1 1 ) 

10  R.-.AB  (5,  1)  MM 
1  FORMAT  (I  5) 

POISSONS  PATIO  AND  KO 

REAP  (5,4 ) PR  (MM)  ,KO(NM) 

■*  FORM  AT  (2F  10.  5) 


•A*  w*/  *  f\  •  .  .  1 


1381 
1  JH2 
1  38  3 
13^4 
1185 
1386 
1.187 

1388 

1389 

1390 

1391 

1392 

1393 

1394 

1395 

1396 

1397 

1398 

1399 

1400 
140  1 

1402 

1403 

1404 

1405 

1406 

1407 
1  408 

1409 

1410 

1411 

1412 

1413 

1414 

1415 

1416 

1417 

1418 

1419 

1420 

1421 

1422 

1423 

1424 

1425 

1426 

1427 

1428 

1429 

1430 
14  31 

1432 

1433 

1434 
143R 

1436 

1437 
1430 
14.39 
1440 


IP  (fin-  1)  13,  1  3,  3 

c 

C  1  AT  El!  I AL  NUMBER  1 

C  3  TESTS  TRIAXIAL  STRESS  PATH  CO, IP  ACTIVE 
C 

13  00  5  J=1  ,3 

■>  READ  (5,  6)  SIGC  (MM,J)  ,  A  A  (  M  M  ,  U)  ,UB  {MM,  J) 

WRITE  (6 ,7)  MM,  PR  (MM)  ,  KO(MM) 

7  FORMAT  (///,5X,*  MATERIAL  NU  MBE  R*  ,  I  5  , //,  5X  ,  •  PO  I3SON  S  PATIO 
1F10.  2,/,  5X,  *KO  =  '  ,  F  1 0. 2) 

WRITE  (6,9) 

9  FOR" AT(5X, • CONF  STR  A  B  • ) 

WRITE  (6,8)  (  SIGC  (MM,  J)  ,  A  A  (MM,  J)  ,  BB  (,MM,  J)  ,J=1,3) 
ti  FORMAT (5X.3F10. 6) 

GO  TO  10 

3  IF  (MM-2)  11  ,11 ,12 
C 

C  MATERIAL  NUMBER  2 

C  3  TESTS  TRIAXIAL  STRESS  PATH  EXTENSION  ACTIVE 
C 

11  READ  (5,  6)  (S  IGC  (MM  ,  J)  ,  A  A  (MM,J)  ,BB  (MM,  J)  ,J=1  ,3) 

WRITE  (6, 7)  (MM,PR(MM)  , KO(MM)) 

WRITE  (6,9) 

WRITE  (6,  8)  (SIGC  (MM,  J)  ,  A  A  (MM,J)  ,BB  (MM  ,  J)  ,J=1 ,3) 

GO  10  10 

12  IF(MM-3) 16,16,17 
C 

C  MATERIAL  NUMBER  3 

C  1  TEST  TRIAXIAL  STRESS  PATH  KO-COMP  ACTIVE 
C 

1o  REA 0(5, 6)  E(MM)  ,AA(MN,1)  , BB  (MM,1) 

WRITE  (6, 15)  IMM,PR(MM)  ,  E  ( M  M)  ,  AA(MM,1)  ,EB(MM,1)  ,KO(NM) 

15  FORMAT  (///,5X,  •  MATERIAL  NUMBER* , 15,//, 5X,  » POISSONS  RATIO 
1 F 1 0. 2, /, 5X, *  E  UNLOAD-RELOADING  • , F 1 0. 3 ,//,5 X  ,  *  A  ',F10.6, 
2/,5  X, ' S  *,F10.6,/,5X, 'KO*  ,F1Q.2)' 
t>  FORMAT  (3F10. 6) 

GO  TO  10 

17  IF  (MM-4)  1  8,  1  f>,  1  9 
C 

C  MATERIAL  NUMBER  4 

C  1  TEST  CONCRETE 

C 

lei  R5AD(5,6)  E(PM) 

WRITE  (6,21)  MM,E  (MM)  ,  PR  (MM)  ,KO(M.M) 

,.1  FORM  AT  (///,  EX,  *  MATERIAL  NUMEER  *,I5,/,5X,*S  ',F15.5,/, 
15X,  'POISSONS  RATIO  • , FI  0. 5,/,5X, ' KO*  ,  F10.2) 

GO  10  10 

19  IF(MM-5)  22,  22,  23 
C 

C  MATERIAL  NUMBER  5 

C  2  TESTS  PLANE  STFAIN  COMP.  ACT VE 

C 

^2  DO  24  0-1,2 

_4  R  FA  D{5,  6)  SIGC  (H  M  ,  J)  ,AA(.1M,J)  ,PB  (MM,J) 

WRITE  (6,7)  MM,  PR  (M  l)  ,K0(MM) 

V  RKf(A.  ') 

W  RITE  ( 6,  1)  (  S  I GC  (M  1 ,  J)  ,  A  A  (  H  M  ,  J)  ,  8  n  (  MM  ,  J)  ,  J=  1 , 2 ) 

GO  TO  ID 

t.  3  IP(H«-6)  25,25,  26 


144  1 

1442 

1443 

1444 

1445 

1446 

1447 

1448 

1449 

1450 

1451 

1452 

1453 

1454 

1455 

1456 

1457 

1458 

1459 

1460 

1461 

1462 

1463 

1464 

1465 

1466 

1467 

1468 

1469 

1470 

1471 

1472 

1473 

1474 

1475 

1476 

1477 

1478 

14  79 

1430 

1431 

1482 

1483 

14  84 

1485 

14  86 

1487 

i486 

1409 

1490 

1491 

1492 

14«3 

1494 

1495 

1496 

14  97 

1498 

1  459 

1  500 


noon  non  o  onon  nooo  nnon 


289 


C  MATERIAL  NUMBER  6 

C  1  TEST  COH  VENT  ION  AL  TRIAXIAL  FOR  FILL 
C 

25’  R  E  A  D  { 5,  4)  K  (MM) 

WRITE  (6,7)  PR  (111)  ,K0(MN) 

WRITE  (6,  23)  E(MM) 

28  FOFMAT(5X,'E',F15.5) 

GO  TO  10 

zb  IF  (.1(1-7)  36,36,27 
MATERIAL  NUMBER  7 

J  TESTS  TRIAXIAL  CONVENTIONAL  TRIAXIAL 
36  DO  30  J= 1, 3 

->0  READ  (5,6)  SI GC  (MH,J)  ,AA(MM,J)  ,BB(MM,J) 

WRITE  (6,  7)  MM,  PR  (MM)  ,KO(MM) 

WRITF  (6,  9) 

W2I  IE  (6,8)  (SIGC  (MM,. 7)  ,  A  A  (NM,  J)  ,  BB(MM,J)  ,  J=1,  3) 

R  EAD  ( 5,  6)  P I! I ,  X K  ,  X EP 
WRITE  (6,4  9) PHI, XK,XEP 

49  FORMAT ( 5X, • PHI  =  ' , F 1 0. 3, /, 5X, • K= ' , F 1 0. 2 ,/ , 5 X, • N= • , F 1 0. 2) 
GO  TO  10 

z7  I F ( MM-8)  37,  37,  38 

MATERIAL  NUMBER  8 
AIR 

j7  READ  (5,6)  E  (KM) 

WRITE  (6,  34)  MM,  E(HM)  ,PR(MM)  ,KO(MM) 
j4  FORMAT(///,5X,  •  MATERIAL  NBMBER*  ,  15  ,/ ,  5X  ,  *  E'  ,  FI  0.  2  , 
1/,5X,,?R',F10.3,/,5X,,KO',F10.2) 

GO  TO  10 

38  IF (MM-9) 52,52,53 

MATERIAL  NUMBER  9  . 

1  TEST  CONVENTIONAL  TRIAXIAL 

5  2  READ  (5,  6)  STGC  (MM,  1)  ,AA  (MM  ,  1)  ,3B  (MM,  1 ) 

WRITE  (6,7)  MM,  PR  (MM)  ,KO(MM) 

WRITE  (6,9) 

WRITF  (6,  0)  SIGC  (  MM,  1)  ,  A  A  ("M  ,  1)  ,BP  (MM,  1) 

GO  TO  10 


5j 

IF(P!M-1 0)250, 250, 251 

2  jv> 

REA3(5,6)  E ( M M ) 

WRITE  (6,21)  MM,  E  (MM)  , 
RETl!  I’M 

PB(MM)  ,  KO  (MM) 

2o  1 

WT!  TE  (6  ,31  ) 

si 

POT  M  AT (//, 5X, ' ERROR 
RETURN 

END 

TOO  MANY  MATERIALS*) 

SUBROUTINE  READGE 


SUBROUTINE  u  BADGE 


IMIS  SU RFOI'T IN L  READS  AND  PRINTS  MATERIAL  DATA,  NODAL  DATA,  ELEMENT 


DATA. 
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C  if  GENERATES  COORDINATES  OF  INTERMEDIATE  NODAL  POINTS  AND  CALCULATES 
C  flit!  BAND  WIDTH  AND  MUMMER  OF  EQUATIONS 
C 

c 

c 

COMMON  E  (10)  ,P3  (10)  ,RO(10)  , X(350)  ,  Y  (  350)  ,  U  (3  60)  ,  V  (  360)  ,  TH<600)  , 

1ST  I?  (700,  140)  ,  AP  (700)  ,  ESTIF  (6,6)  ,ECM  (3,  3)  ,  EDM  (  3,  6)  ,  ESM  (  3,  6)  ,  WT 
CO'"  MON  NOMN T,  N  UM  EL,  NiJMA  T  ,  KODE  (350)  ,NP(3,600)  ,  MAT  (600)  ,  M3AND, 

1  NSU,M,LM(5) 

COMMON  KODS  1  (  350) 

COM  MON  S1GC  (10 ,4)  ,*A (10,4)  ,DP( 10, 4) , KO( 10) ,ZSFC 

COMMON  DS I  GEL  (600,3)  ,3  IGIEL  (600,3)  ,  OSTGA  (  350,  3)  ,  SIGI A  (  350,  3) 

COMMON  TSIGL'L  (600,  3)  ,1JIGA  (  350,  3)  ,  TB  (700) 

COMMON  UN  (350)  ,VN  (350)  ,  NNYL  (25)  ,  NNXL  (25) 

COMMON  Uf  (6  00)  ,  rax  (600)  ,TS  IGEP  (6  00,  2) 

COMMON  PHI, XK , XEP 
C01  MON  DI  (700) 

REAL  KO 
C 

DIMENSION  HED  (  20) 

C  READ  PRELIMINARY  INFORMATION 

R  2A  D  ( 5,  10C0)  HE  D,  N (JMN P  ,  NUMEL ,  NOMAT 
HPITE  (6,2000)  HED,  NUMN?,  NUMEL,  HU M  AT 
C 

C  A  £  AD  AND  WRITS  NODAL  DATA  AND  GENERATE  INTERMEDIATE  NODAL  DATA 
C 

L=1 

READ  (5,  1020)  N  ,  KOBE  (N)  ,  X(H)  ,  Y  (K)  ,  0  (N)  ,  V  (  N)  ,KODE1  (  N) 

GO  TO  40 
C 

20  READ  (5,1020)  N  ,  KOBE  (  N)  ,  X  (  N)  ,  Y  (N)  ,  U  ( V )  ,  V  (N)  ,  K  0  DE  1  (N  ) 

.  ON  =  N-L 

D  X  =  (X  (N)-X  (L)  )/DN 
DY  = (Y (N)  -Y (L) ) /DM 
25  L  =  L+ 1 

C 

IF(N-L)  50,40,30 
30  X  (l  )  =  X  (L-  1)  +DX 
Y (L)  =  Y (L-1 ) + DY 
KODE1  (L)  =KODE  1  (L-  1) 

KODE  (L)  =  0 
U (L)  =0 
V(L)=  0 
GO  TO  25 
C 

■4J  CONTINUE 

I F ( NOMNP-N)  50,60,20 
C 

6  0  WRITE  (6  ,202 r  )  N 
CM  I.  EM  IT 
C 

uO  WHITE  (6,  2016) 

K-’ITE  (o,201r) 

WRITE  (6,2020)  (  N,  KODE  (N )  ,  X  (N)  ,  Y  (  N)  ,  H  (  N)  ,  V  (  N)  ,KODE1  (  N)  ,  N=  1,  NOMNP) 

C 

C  I'.EAD  AND  WRITE  EL  EM  FN  T  DATA 
C 

"L-0 

51  IF  (ML. GD.  NUMEL)  GO  TO  70 

R  2  A  D  (  5 ,  10  3  3)  M  ,  N  .*  {  1.M)  ,N?'2,M)  ,NP(1,M)  ,  MAT  (  M)  ,TH(M) 


1561 

1562 

156  3 

1564 

1565 

1566 

1567 

1568 

1569 

1570 

1571 

1572 

1573 

1574 

1575 

1576 

1577 

1578 

1579 

1590 

1581 

1582 

1583 

1  5  94 

1595 

1586 

1587 

1598 

1589 

1590 

1591 

1592 

159  3 

1  594 

1595 

1536 

1597 

1598 

1599 

1600 

1601 

1602 

1603 

1604 

1605 

1606 

1  607 

1608 

1609 

1610 

1611 

16  12 

1613 

1t»  4 

1615 

If  16 

1  n17 

16  18 

16  19 

1620 


291 


:i  :i  =  n  l  ♦  1 

IF  (NM.EJ.M)  GO  TO  65 
C 

d 5 .  ML1=ML*1 

IF(MLI.EQ.M)  GO  TO  65 

ML2=ML»2 

MLM  1  =  1L-  1 

I  ?  (MLM1.  LE.O)  GO  TO  85 
DO  6  2  1=1,  3 

NP(I,ML2)  =  Nr  (I  ,  ML)  *1 
t>  2  NP{I,ML1)  =NP  (  I, ML  Ml)  >1 
MAT  (ML.?)  =  MAT  (ML) 

MAT  ( ML  1)  =M  AT  (  M  LM  1) 

Til  (ML2)=TH  (ML) 

T  li  {ML  1)  =  T  H  ( M  L  1  1) 

M  L=ML2 
GO  TO  55 
C 

65  ML=M 

GO  TO  51 
70  CONTINUE 

WRITE  (6,2032) 

W  PIT  E  ( 6,  2030) 

WRITE  (6  ,2035)  ( M,  {  NP  ( J,  M)  ,0=  1 , 3 )  ,  M  AT  (M)  ,  TH  (M  )  ,  1=  1 ,  N  UN  EL) 
C 

C  DETEBMINE  BAND  WIDTH  AND  NUMBER  OF  EQUATIONS  ' 

C 

1  =  0 

DO  80  M=1,N1JNEL 
DO  90  1=1  ,2 
1 1=  1  ♦  1 

DO  80  J=II ,3 

K=  IADS (M? (I, M) -NP (J, H) ) 

IF  (K.GT.L)  L=K 
80  CONTINUE 

C 

MBAND  =  2*(L*1) 

NEQ=  2  * N  J  M  N  P 
C 

WRITE  (5,2  04  0)  MB  AND,  NEQ 
IF (MBAND. LE.  1 40. AND . NEQ . LE . 700)  GO  TO  90 
WRI  TE (6 , 2050) 

CALL  EXIT 

95  WRITE(6,  2060) 

CALL  EXIT 
C 

90  WRITE  (6,3000) 

30jO  FORM  AT (  ’  PEA  DIN  COMPLETED  •  ///) 

RETURN 

C 

C  t  U  F  M  A  7  STATEMENTS 
IOjO  F 0 f  M  AT  (  2 0  A 4/  316) 

2  0  JO  FORMAT  (/  ,  1  0  X  ,  2  0  A4  ,  //// 

1  l.i  ,  20 II  NUMBER  OF  NODAL  POINTS  =  ,16/ 

2  lii  ,  261!  NUMBER  OF  ELEMENTS  =  ,16/ 

3  lil  ,  26  Ii  NUMBER  OF  MATERIALS  =  ,16) 

101J  FOi  M  .AT  (6  X  ,F  1  2.  0 , 2F6.  0) 

20  I  J  FORMAT  (1  H  ,  15  ,  T  1  7. 0  ,  F  1 5.  3  ,  F  1  7.  1 ) 

20  U  FORMAT  (  /,  5.X ,  •OUTPUT  OP  INPUT  MODAL  DATA  ') 

2  0)  j  F  Of  M  AT  (///,  1  0  X  ,  1°  il  NODAL  POINT  OUTPUT,/// 


V 
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1621 

162? 
If  21 
If.  24 
1b25 
16  26 
1627 
1620 

1629 

1630 

1631 
16  32 
1633 
16  34 
1635 
163  6 
1637 
1 1>3  8 

2ND  OF 


llii  ,54H  NODF  KO’JK  X  COORD  Y  COO  H  0  X  IOKCE 

V/) 

2  0  I  o  KOI  MAT  (•  1  '  ,  5  X  ,  'OUTPUT  Of  COUPLET  E  NODAL  DATA  ') 

IOju  FOPMAT(?I6,4F12.0,Iri) 

2 0-0  FOR  MAT  (14 ,16  ,  FI  3.  3,  IF  12-  3,  Ir) 

20^5  FOl  M  AT  (1  ilO,  2R  II  EE  HOF  IN  NODAL  DATA,  NODE  =  ,  I  4) 

20  j0  FORMAT  (///#  1CX,  1  III  ELEMENT  DATA  /// , 

1  4011  ELStl  I  .7  K  MAT  THICKNESS  //) 

20j  1  FOPM  AT ('  1 ' , 5X ,  'OUTPUT  OF  INPUT  ELEMENT  DATA'  ) 

20j<i  FORMAT  {  'V,  5X,  'OUTPUT  OF  COMPLETE  ELEMENT  DATA  '  ) 

1  0  j5  FORMAT  (5I6,F6.0) 

20j5  FORMAT  (  14,  4I6,F11-4). 

2040  FORMAT  (///10X,  2211  BAND  T6 1  t)T  I!  =  ,16/ 

1  10X,  22ii  NUMBER  OF  EQUATIONS  =  ,16) 

2  0_>O  FORMM(///10X,  33  H  PROBLEM  EXCEEDS  SPECIFIED  LIMITS  ) 

2  0  jJ  FORMAT  (  '  M  L  U 1  IS  LF.SS  THAN  OR  SOU  AL  TO  ZERO  ') 

C 

END 

FILE 


-  Y  FORCE 


* 
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APPENDIX  B  PLANE  STRAIN  APPARATUS 

Se.sc.r_i  tier)  ojt  Jthii!  arena  raius 

The  design  of  this  plane  strain  apparatus  was  inspired 
by  similar  equipments  described  by  Duncar  and  Seed  (1966) 
and  Campanelie  and  Vaic  (1912), 

The  sample  dimensions  are  2*5  cm  wide,  5  cm  high  and  10 
cm  long*  The  plane  strain  condition  is  guaranteed  by  two 
fixed  smooth  plates  which  restrain  movement  lengthwise 
(figure  B*l)  *  A  load  cell  is  housed  in  one  of  the  end 
plates  to  measure  the  intermediate  principal  stress  (Figure 
B*2)*  The  lateral  principal  stress  is  applied  by  a  pair  of 
flexible,  air  filled,  rubber  membranes  (figure  B*3)  fixed  to 
the  lateral  support  plate  (figure  B*4)«  The  vertical 
principal  stress  is  applied  by  a  rigid  loading  cap*  There  is 
a  load  cell  at  the  base  pedestal  to  monitor  the  amount  of 
vertical  lead  being  absorbed  by  friction  between  the  sample 
membrane  and  the  side  plates  and  membrane  sealing  plates* 
(figure  B*S)  •  There  is  a  clearance  of  0*06  enr  between  the 
top  cap  and  membrane  sealing  plates*  The  top  cep  and  base 
pedestal  are  sectioned  horizontally  to  seal  a  membrane  which 
encloses  the  sample  between  both  halves*  One  of  the  halves 
accomodates  a  "O’1  ring  to  prevent  leakage  between  the  the 
sample  membrane  and  one  of  the  halves  of  the  top  cap  or  base 
pedestal*  The  same  precaution  was  taken  with  respect  to  the 
lateral  membrane* 

The  dimensions  of  all  the  parts  ere  shown  in  figures 
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FIGURE  B .1  FRICTIONLESS  END  PLATE 


FIGURE  B .2  LATERAL  LOAD  CELL 
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FIGURE  B .3 


SEALING  PLATE  WITH  MEMBRANE 


FIGURE  B .4 


LATERAL  SUPPORT  AND  MEMBRANE  SEALING  PLATES 
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FIGURE  B  .5 


LOAD  CELL  AT  THE  BASE  PEDESTAL 


297 


0. 48 


t 

co 

CO 


-1.59 


- 2.54 — ► 


note:  all  dimensions  in  cm 


FIGURE  B.6  END  PLATE 
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FIGURE  B . 7  LATERAL  MEMBRANE  SEALING  PLATE 
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FIGURE  B .8  LATERAL  MEMBRANE  SUPPORT  PLATE 
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FIGURE  B . 9  LATERAL  AND  BOTTOM  LOAD  CELLS 
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FIGURE  B.10  LOADING  FRAME 
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FIGURE  B.11  LOAD  CAP  AND  PEDESTAL 
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APPENDIX  C.  CALCULATION  OF  MEZZANINE  LOAD 

The  straight  line  in  figure  3*10  was  determined  by  least 
minimum  square  which  indicates  there  will  be  tension  at  the 
lower  part  until  a  point  at  a  distance  22.7  err  from  the 
bottom. 

Figure  C.t  .a  represents  the  cross  section  of  the 
mezzanine  while  C.l.b  is  the  transformed  section.  The  moment 
of  inertia  is: 

l  =  4947834.  c  m  4 
and  the  cross  sectional  area 
A  =  5  6  85  cm2. 

The  normal  stress  at  the  top  is  50.26  kg/cm2  therefore 

50.26  =  P/A  +  53.35  ¥/  1 

and  at  the  bottom  is  — 13*58  kg/ cm2  therefore 

-13*58  =  P/A  -  53.35  M/I 

where  P  Is  the  ncrital  load  and  M  the  bending  moment  in  the 
section,  which  solving  for  P  and  M  yields  P  =  208533  kg  per 
533.4  cm.  which  is  the  horizontal  distance  between  long 
piles  (figure  2 .9)  resulting  in  a  lead  of  39,095  kg/m 
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FIGURE  C.l  COMPOSITE  CROSS  SECTION  OF  THE  MEZZANINE 
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